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IRON, ALUMINUM AND MANGANESE IN THE SOIL SOLU- 
TION OF HAWAIIAN SOILS 


W. T. McGEORGE 


Experiment Station, Hawaiian Sugar Planters’ Association 


Received for publication January 9, 1924 


A recent study of the methods of estimating and detecting acidity in Hawai- 
ian soils (12) strongly indicates that the salts of iron, aluminum and man- 
ganese are involved. 

Until recently the presence of free acid in acid soils was the only factor 
considered to be involved in their low fertility. In 1913 Abbott, Conner 
and Smalley (1) published results showing a definite relation between low 
root vitality of corn and an acid soil reaction. They found associated with 
this high acidity comparatively large amounts of soluble iron and aluminum 
salts. This work has been the incentive for numerous other investigations 
which have led to the suggestion that the toxicity of aluminum and manganese 
salts soluble in acid soils is of greater import than the hydrogen-ion concen- 
tration itself. The toxicity of alkali soils has long been attributed to the 
high concentration of certain alkali salts. It is interesting to note the more 
recent trend of soil acidity interpretations on the basis of injuriously high 
concentrations of acid-reacting salts. 

In examining Hawaiian acid soils, the main characteristic, as in other acid 
types, is the absence of easily soluble calcium and magnesium salts and soluble. 
phosphates. Such conditions are conducive. toward the accumulation of 
acid-reacting salts of iron, aluminum and manganese with free hydrogen ions 
formed by their hydrolysis in aqueous solutions, in spite of the comparatively 
high base and low silica content of Hawaiian soils. 

In view of the recognized toxicity of certain concentrations of these salts 
in the soil solution a further study of the nature of these compounds seemed 
imperative. Both sugar cane and pineapples, the principal commercial 
crops of the Hawaiian Isands, have shown positive evidences of low root 
vitality on some of the highly acid soils. 


OCCURRENCE 


Aluminum. Aluminum occurs in Hawaiian soils chiefly as the phosphate, 
hydrate, oxide and silicate, the two latter compounds being also present in 
hydrated forms. It is the most abundant basic element. In both the lava 
and volcanic ash, aluminum is far in excess of iron and manganese and almost 
equal to the silica content if expressed as the oxide, Al,O3;. During the process 
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of disintegration the percentage of aluminum in the residual products is greatly 
increased and still in large excess over all other elements except silica. On 
the basis of 30 per cent AlO; and calculated on the basis of 3,000,000 pounds 
soil per acre foot there is present 900,000 pounds of alumina per acre. It is 
present in largest amounts in the clay and fine silt particles but even in the 
coarser particles is often in excess of 20 per cent. 

There appears to be some diversity of opinion as to the occurence of alu- 
minum hydrates in mainland soils. In fact this applies generally to all tem- 
perate climates where environment induces kaolinization rather than lateriza- 
tion. Mirasol (14) has concluded, however, from a review of the literature 
that there is evidence of their presence in some mainland soils. The three 
recognized hydrates of aluminum are; Diaspore, Al,O; H20; Bauxite, Al,O; 
2H.0; and Gibbsite AlO; 3H,O. The two former are insoluble in dilute 
acids, alkalies and water, while Gibbsite is soluble in dilute acids and alkalies 
but insoluble in water. We therefore look upon Gibbsite as the principal 
source of soluble aluminum. In applying these facts and theories to Hawai- 
ian conditions it is significant that in our yellow soils which are in a higher 
state of hydration and in other types which are high in water of hydration, 
aluminum is present in larger quantities soluble in dilute acids. Tropical 
environment is known to induce a higher concentration of Gibbsite in the 
residual products of disintegration. There is, accordingly, good evidence 
of the presence of this hydrate in a large percentage of our island soils. 

We also have strong evidence of the presence of aluminum silicates and 
alumino-silicic acids which are more or less soluble in water and by dissocia- 
tion the latter will yield hydrogen ions to a small degree. We have present, 
therefore, a large reserve of potential acidity. 

Iron. Iron like aluminum occurs chiefly as silicate, oxide (principally 
ferric), and hydroxide. The iron content of the lava and volcanic ash is 
much lower than aluminum and approximately equal to the lime and mag- 
nesia, usually being about 10 per cent. It is greatly increased in the residual 
products of disintegration but is still much lower than the aluminum content 
of the soil. The soluble salts of ferric iron are much less stable than those of 
aluminum their hydrolysis and precipitation being, under soil conditions, 
proportionately more rapid. In our highly puddled and poorly aerated soils 
ferrous salts are usually present in varying amounts. 

Manganese. Manganese occurs chiefly as the silicate and oxide widely 
scattered in all soil types in amounts varying from a few tenths of one per 
cent to 10 per cent. It is present in the lava and volcanic ash in only small 
amounts being rarely as high as 1 per cent and usually about 0.5 per cent. 
During the process of disintegration it appears to be readily dissolved and 
that present in the residual products is greatly reduced by weathering agents. 
For this reason the island soils are proportionately lower in manganese than 
the lava except in certain isolated lower areas of the aluvium where soluble 
manganese salts have accumulated and precipitated as the dioxide, often as 
high as 10 per cent. 
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Veitch (17) in a study of the Hopkins method of determining soil acidity 
was probably the first to call attention to the réle of aluminum salts in acid 
soils. He noted the presence of aluminum in the extract obtained by shaking 
an acid soil with a solution of potassium nitrate. This solution of aluminum 
was attributed to the replacement of aluminum by potassium in the alumino 
silicates. Parker (15) concludes that this solution is due to a side reaction 
and the solvent of acid formed by the selective absorption of the basic ion of 
the salt solution. Additional theories of the source of soluble aluminum in 
the soil solution involve that of Ames and Boltz (2) who attribute its solu- 
tion to the acidity resulting from sulfofication and that of Abbott, Conner 
and Smalley (1) who suggest the formation of aluminum nitrate in the ab- 
sence of adequate lime to neutralize the nitrate formed during nitrification. 
On the other hand we note that Denison (7) failed to identify soluble (crystal- 
loidal) salts of aluminum in soil extracts but did establish the presence of the 
hydrosol aluminum hydrate. Knight (12) also arrives at the same conclu- 
sion. Both question the formation of soluble salts of these elements in many 
acid soils. 

The above contradictions suggested the need of clarifying some of these 
questionable points in Hawaiian soils and definitely determining the hydro- 
gen-ion concentration at which we can have a reasonable assurance of the 
presence or absenoe of the salts of these elements. In view of the apparent 
relation between some types of root rot and soil acidity it is highly esential 
to be able to recognize more definitely the soil types on which this association 
is possible. So called root rot of sugar cane in Hawaii is not confined entirely 
to acid soils. 


EXPERIMENTAL 


The logical procedure in the separation of colloid from crystalloid com- 
pounds involves the utilization of a semipermeable membrane. The plan 
of the experiment was therefore as follows. A definite selection of soils 
was made to cover a number of characteristic types. The soil solution itself 
as well as salt solution extract were prepared and dialyzed for a definite period 
and the resultant changes in the soil solution determined. 
Choice of soils 

Soil 1. A yellowish brown silty clay from Kaneohe District, Island of Oahu. Pineapple 
plants badly wilted, sugar cane had previously failed. 

Soil 2. A brown silty clay loam from Kaneohe District, Island of Oahu. Pineapple 
plants badly wilted, sugar cane had previously failed. 

Soil 3. A bluish grey adobe soil, Waimanalo District, Island of Oahu. A low poorly 
drained soil on which a resistant cane variety grows well. 

Soil 4. A dark grey sandy loam, highly organic, from Honokaa, Island of Hawaii. Sugar 
cane root vitally very low. 

Soil 5. A dark grey sandyloam, highly organic, from Honokaa, Island of Hawaii. Growth 
of cane only fair. 
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Soil 6. A chocolate brown silty loam, highly manganiferous (7 per cent MnQ.). No 
indication of poor root growth. 

Soil 7. A dark clay loam, from Experiment Station plots Honolulu. Good root growth. 

Soil 8. A black clay soil from Waimanalo, Oahu similar to no. 3 but sufficiently impreg- 
nated with lime to make alkaline. 


Experiment 1 


Potassium nitrate extracts 


Four hundred grams of soil were shaken, with 1 liter of a normal solution 
of KNOs, continuously for three hours in an end-over-end shaking machine; 
250-cc. aliquots of this filtrate were used for analysis. One was analyzed 
direct while the other was placed in a pyralodion sack. The sack and con- 
tents were suspended in an 800-cc. beaker, distilled water added to a level 


TABLE 1 
Analyses of KNOs extracts before and after dialysis 


ORIGINAL EXTRACT NON-DIFFUSIBLE EXTRACT 
sor. 
NUMBER 
Reaction} Sid: | BGO* | MmO, | Cad | sid: | AMO: | mao, | cao 
pH per cent | per cent per cent per cent per cent 


4.46 | 0.0043) 0.0809 
4.46 | 0.0045) 0.0106 


sl 0.0350 | 0.0020 | 0.0030 -* -* 
+ 
4.93 | 0.0115) 0.0199) + 0.4480 | 0.0000 | 0.0015 - - 
rm 


0.0443 | 0.0000 | 0.0015 - - 


1 
2 
3 
4 5.39 | 0.0020} 0.0019 0.1129 | 0.0000 | 0.0004 - - 
5 5.98 | 0.0045} 0.0027 0.1806 | 0.0000 | 0.0017 - - 
6 6.00 | 0.0110} 0.0018) — 0.2422 | 0.0009 | 0.0015 - _ 
7 7.76 | 0.0050) 0.0018} — 0.3794 | 0.0029 | 0.0012 - - 
8 7.90 | 0.0023) 0.0016) — 0.6230 0.0016 - ~ 


* + present but not determined quantitatively; — not present. 


above that of the solution within the sack and the whole placed in a water 
bath. This bath was maintained at temperature of 45°C. and the water 
in the beakers changed daily for a period of two weeks. At the end of this 
time the solution remaining in the dialyzing sack was subjected to the same 
analytical procedure as the original extract. The results are given in table 1. 

All extracts were evaporated to dryness on the steam bath and heated in 
the hot air oven at 120°C. to dehydrate the silica. The acid insoluble residue 
from this operation was weighed as silica. Iron and aluminum were de- 
termined together as phosphates and precipitated in the presence of acetic 
acid in order to avoid calcium contamination. Manganese was not deter- 
mined quantitatively. 

The results definitely prove the presence of crystalloid forms of iron, alumi- 
num and manganese in all the soils having pH value below 5.9 and indicate 
that at pH values above 6.0 only the hydrosol forms are present while the 
manganese is entirely absent. It should be noted that soil 6 contains as 
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much as 7 per cent MnO:. Dialyzable forms of silica are present in all the 
soils and little or no colloid forms are present in solution. Manganese and 
calcium are present entirely in dialyzable forms. 

In addition to the data taken for table 1 titrations of the KNO; extracts 
were also made on the original extract and the contents of the paralodion 
sacks after dialyzing for two weeks. In this titration 125 cc. was boiled for 
ten minutes and then titrated with 0.2 WN KOH using phenolphthalein as an 
indicator. All the extracts within the paralodion sacks were practically neu- 
tral. The titrations in cubic centimeter of 0.2 N KOH are given in table 2. 


; ae TABLE 2 

Showing titration of KNOs3 extracts as cubic centimeter 0.2 N KOH per 125 cc. 
SOIL NUMBER ORIGINAL EXTRACT NON-DIFFUSIBLE EXTRACT 

f ce. ce. 

1 6.00 Neutral 

2 1.10 Neutral 

3 2.60 0.05 

4 0.80 Neutral 

5 0.60 Neutral 

6 0.10 0.10 

7 Alkaline 0.10 

8 Alkaline Neutral 


These results definitely show the acid or acid salts present in the KNO; 
extracts to be present in a form which will penetrate a semi-permeable mem- 
brane in entirety. 


Experiment 2 


The soil solution was next obtained from this same set of soils and dialyzed 
according to the following procedure. Five pounds of soil were added to 
each of five glass percolators, distilled water added to saturation and the 


TABLE 3 
Showing analysis of 1 liter of soil solution before and after dialysis 
ORIGINAL SOIL pineal NON-DIFFUSIBLE SOLUTION 

SOIL 

MUMEE® | Reaction| Si0s FeOs | Mm, | CaO sid. | e202 | MnO | Cad 

PH mgm. mgm. mgm. mgm. mgm. mgm. 

1 4.46 3.6 42 0.8 30.9 0.8 1.6 —* —* 
2 4:46) 10.5) 15.1 18.3 | 116.9 0.8 4.4 _ 
3 4.93 | 66.5] 10.0 4.0} 197.2 0.8 eZ “ 
4 oon | 191 8.2 3.3 | 550.4 0.4 3.2 
6 6.00 | 16.5 0.8 0.0 29.6 ay eek - —- 
7 7.96:\: 27.7 4.0 0.0 91.1 2:0 3.6 _ - 
8 7.90 | 41.2 3.7 0.0 | 274.4 0.4 3.6 - _ 


*— not present. 
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whole allowed to stand for forty-eight hours. They were then treated by 
the displacement method as outlined by Parker (14) which had previously 
been shown to yield the actual soil solution when applied to Hawaiian soils. 
In this case distilled water was used as a displacing liquid. The first 200 cc. 
of percolate was collected from each making a total of one liter. ‘Two hundred 
and fifty cubic centimeters of this soil solution was placed in paraloidion sacks 
and dialyzed as described in experiment 1. The remaining 750 cc. was ana- 
lyzed direct. The results are given in table 3. It should be mentioned that 
this solution is probably less concentrated than the actual soil solution owing to 
the addition of water up to the point of saturation, but the results are com- 
parable and serve well for determining the diffusibility of the components 
of the soil solution. 

These results compare very closely with those obtained by extracting the 
soil with a solution of KNO;. The iron and aluminum are present in largest 
part in the crystalloid form in all the soils having pH values of 5.5 or less 
while the manganese was not present in the soil solution with a pH value of 
5.9. 


DISCUSSION 


In view of the results obtained in the preceding experiments it is interesting 
to compare with similar investigations. Knight (12) in a study of the Hop- 
kins method, subjected the KNO; extract to dialysis in a collodion sack. 
In his experiments 74 per cent of the titratable acidity passed through the 
membrane but no aluminum. All the latter remained in the collodion sack 
showing it present entirely in colloid form. The pH value of this soil is not 
given but it showed a higher titratable acidity than any used in these experi- 
ments. Similarly Denison (7) in leaching several Illinois soils with normal 
KNO,; solution obtained no dialyzible aluminum salts. Therefore he con- 
cludes a single treatment of the soil with KNO; solution yields only the hy- 
drosol aluminum hydrate. On percolating water through this soil he was 
unable to obtain a test for aluminum from five liters of percolate. Unfor- 
tunately he does not give the pH value of the acid soils used. 

On the other hand Mirasol (14) found that by leaching acid soils with 
normal KNO; solution he was able to remove a large percentage of the iron, 
aluminum and manganese salts and effect a corresponding reduction in acidity. 
Similarly with water he noted a marked reduction of acidity corresponding 
with the removal of soluble salts of the above elements. His work has been 
severely criticized in view of the fact that he based his conclusions on the 
analysis of the soil before and after treatment. He therefore failed to dis- 
tinguish definitely between colloid and crystalloid forms and did not actually 
demonstrate the presence of soluble salts. 

Abbott, Conner and Smalley (1) determined the aluminum in the leachings 
from an acid soil in which corn roots were badly rotted but did not distinguish 
between crystalloid and colloid, assuming the former. Hartwell and Pember 
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(9) did not analyze the soil extracts but determined the toxicity of diffusible 
and non diffusible portions. Ruprecht (15) found iron and aluminum salts 
in acid soils of low fertility after filtering through unglased porcelain. Blair 
and Prince (3) have also determined iron and aluminum in water extracts 
of acid soils without attempting to distinguish between crystalloid and colloid 
forms. 

It is evident from the above that there is more or less difference of opinion 
as to the forms in which iron and aluminum salts are present in the soil solu- 
tion and some positive results supporting the non-existence of crystalloid 
forms. 

From the data given in tables 1 and 3 coupled with other observations it 
may be definitely stated that all Hawaiian soils with pH values below a point 
between 5.5 and 6.0, believed by the writer to be 5.8, contain soluble salts 
of iron, aluminum and manganese. Whether these are toxic toward plant 
growth will depend upon associated environment more especially the available 
phosphates present in the soil. 

It is hardly believed from the results thus far obtained that soluble iron 
salts are a factor of toxicity. While no attempt has been made in the analysis 
of the soil extracts to separate iron and aluminum it was possible to judge 
from the color of the precipitate the relative amounts present. Aluminum 
was present in excess in every case. Iron salts hydrolyze more rapidly under 
soil conditions and precipitate as Fe(OH)s. It may be of interest to state that 
in attempting to prepare nutrient cultures for studying the toxicity of iron 
salts, it was found impossibie to keep iron in solution even at a concentration 
of 0.0002 NV. These facts strongly indicate the minor role which iron must 
play in any toxicity of our acid soils. This refers only to ferric salts. Fre- 
quent instances have been noted in Hawaiian soils where puddled and poorly 
aerated areas have been found to contain appreciable amounts of ferrous iron. 
Such soils are usually characterized by a bluish grey color. 

Of the soluble salts found associated with acid soils, aluminum has been 
found to be the most toxic and for this reason the reduced growth of many 
plants on such soils has been attributed to the presence of salts of this element 
in the soil solution. In our highly organic soils the aluminum appears to be 
present in large measure as organic salts of high potential, yet low intensive 
acidity. The solubility in dilute acids is very high with comparatively low 
solubility in water. Burgess (4) has published a method for the determina- 
tion of aluminum in which he classifies aluminum soluble in 0.5 N acetic acid 
as “active.” Applying this method to Hawaiian soils some have been noted 
as over 2000 parts per million while an even higher content of active iron 
has been noted in highly puddled soils. Analytical evidence therefore strongly 
indicates the presence of toxic amounts of aluminum in many of our acid 
soils. 

The solubility of manganese is of special interest in its relation to the 
chlorotic condition of pineapple plants and the absence of chlorosis of sugar 
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cane grown on the manganiferous types. The principal physiological dis- 
turbance is, according to Kelley (11) due to an abnormal absorption of calcium 
by the plants grown on the manganiferous soils while Johnson (10) claims a 
toxic effect from manganese. No manganese soils have been noted by the 
writer with a pH value below 5.9 and no manganese has been found present 
in the soil solution at this pH value or higher. Soil 6 isa typical manganif- 
erous type. The theory advanced by Kelley (11) suggesting the higher 
assimilation of calcium appears the more tenable, sugar cane having a greater 
tolerance for calcium. The lower acidity which is typical of the manganif- 
erous type and below the hydrogen-ion concentration at which manganese 
salts have been found present in the soil solution and the greater absorption 
of calcium by plants on this soil type makes the toxicity of manganese appear 
less tenable at this reaction. This does not deny the toxicity of manganese 
salts but merely points out their absence in the soil solution of this soil type. 
If manganese does exert a direct toxic effect as noted by Johnson (10) with 
pineapples grown in water cultures, we must associate this with soils of higher 
acidity in which their presence is definitely shown by the data in tables 1 
and 3. The influence of this factor on the growth of sugar cane is now being 
studied. Thus far there has been no evidence of any injurious nutritional 
disturbance with sugar cane grown on manganiferous soils. There is also no 
evidence of so-called root rot of pineapples on the manganese soils but only 
a chlorotic condition of the leaves attributed as above to the abnormal as- 
similation of calcium. There is, however, positive evidence of low root 
vitality of both sugar cane and pine-apples on some acid soils. All the soils of 
a pH value of 5.5 or lower contain appreciable amounts of manganese in solu- 
tion and it is not unreasonable to suspect a certain degree of toxicity on such 
types. 

Carr (5) in studying the relation of manganese to soil acidity or toxicity 
which terms he suggests as synonymous, claims the presence of soluble man- 
ganese at pH values up to 7.9. He bases his conclusions upon the work of 
Greenfield and Buswell (8) and the results obtained by himself using the 
Comber method of testing for soil acidity. Carr studied the precipitation of 
manganese as hydroxide using a fixed alkali, sodium hydroxide, and found ~ 
precipitation complete only at pH 7.9. That this does not hold true under 
soil conditions is shown by the results given in tables 1 and 3. Manganese 
soils in Hawaii are usually found in localized areas formed by the deposition 
of manganese as dioxide. Evidence indicates it to be present in the lavas in 
a form easily dissolved by the agents of disintegration. It is therefore per- 
cipitated at an acidity for greater than pH 7.9 if we are justified in accepting 
the present pH value of these soils as a criterion. This high concentration 
of manganese dioxide in localized areas and the absence of manganese in the 
soil solution of the soils more alkaline than pH 6.0 may be attributed to 
precipitation by lime or the formation of manganic salts of extremely low 
stability which will not remain in solution. 
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Comber (6) found that on shaking an acid soil with an alcoholic solution 
of KSCN he obtained a red color, ferric sulfocyanate, and suggested the use 
of this reagent in testing the soil reaction. Carr (5) in a study of this method 
noted the formation of a green color which he attributed to the presence of 
soluble manganese. 

The writer has also obtained this green color with all soils with reactions of 
pH 5.5 to 7.0 and with most soils of pH values above 7.0. Among the soils 
which Carr examined was a highly manganiferous sample from Hawaii in 
which he claims the presence of soluble manganese, basing his conclusions on 
the green color obtained by the Comber test. While he does not state the 
reaction of this soil it seems reasonable to assume that it is approximately 
pH 5.9 or higher in view of the fact that the writer has failed to find a sample 
of this type below this figure. Being at a loss to explain Carr’s conclusions 
after having failed to find soluble manganese in soils of this type and reaction 
some attention has been given to a study of this point. 

Most Hawaiian soils contain at least 0.5 per cent manganese dioxide and 
will range from this up to 10 per cent. A soil with a reaction of pH 5.5 or 
higher, regardless of the amount of manganese dioxide present, usually gives 
a greenish-blue color, not immediately but only on standing, by the Comber 
method using ethyl alcohol as the solvent. Soils with a pH value of 5.5 or 
less will retain their original red color. The writer believes, although it has 
not been absolutely proved, that there is strong evidence that this green 
color is due to the formation of manganese perchloride (MnCl). This sug- 
gestion is based upon a brief study of this color development, the fact that 
manganese is present in our soils principally as MnO2, the anhydride of tetra- 
valent manganese hydroxide [Mn(OH),], and further that manganese tetra- 
chloride is one of the very few green manganese salts soluble in alcohol. 

In determining why the green color, which appeared to be associated with 
the presence of manganese, is obtained with soils containing no soluble man- 
ganese it was necessary to recognize the results given in tables 1 and 3 showing 
no soluble manganese or other acid salts in the soils of pH 6.0 or higher in the 
KNO; extracts. That is, there was no displacement with potassium nitrate 
under the conditions of this method. 

In treating a manganiferous soil containing 10 per cent MnO, by the Com- 
ber method a faint pink color was obtained, as usually noted, fading to color- 
less and finally to greenish blue on shaking several times and allowing to 
stand. The original pH value of this soil was 6.3 which on shaking with 
alcoholic KSCN dropped to pH 5.5 which is within the range at which man- 
ganese salts are in solution. In order to obtain further data on the increase 
in hydrogen-ion concentration when shaken with this reagent a series of soils 
was selected varying in reaction from pH 4.4 to pH 8.0. These soils were 
shaken with alcoholic KSCN in the proportion of one part soil to two parts 
5 per cent KSCN in alcohol and the pH values of the mixtures determined 
immediately at intervals for twenty-four hours. In all soils of pH 5.9 or 
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higher the reaction dropped to pH 5.5 and gradually changed to a greenish 
blue color. In the more acid soils the reaction dropped considerably below 
pH 5.4 and all these retained their red color. In other words the soluble 
manganese which Carr found is not actually present in the soil solution as 
such but is made soluble by the higher hydrogen-ion concentration. On 
adding an excess of MnO; to the alcoholic extracts of all the soils which re- 
tain their red color the hydrogen-ion concentration will lower rapidly to 
pH 5.5 or slightly higher discharging the red color. The color therefore 
appears to be a function of the hydrogen-ion concentration. . This is further 
indicated by the fact that a filtered Comber extract which is green will change 
to a red color on slightly increasing the hydrogen-ion concentration. 


SUMMARY 


Normal potassium nitrate does not displace the aluminum in aluminum 
silicates except in those soils with pH values below 6.0. 

Soluble crystaloid salts of iron, aluminum and manganese were found in 
soils with pH values below 5.8. 

At pH 6.0 or above manganese is not present in the soil solution and iron 
and aluminum only as the hydrosols of ferric and aluminum hydrates. 

The solubility of manganese as indicated by the Comber test is due to the 
greater hydrogen-ion concentration developed on shaking a soil with alcoholic 
potassium sulfocyanate. 
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The presence of alkali in soils was observed and methods of reclamation 
studied long before scientists were able to account for their origin. Even 
today considerable difference of opinion exists as to their mode of formation. 
It has been pointed out (14) that during the last few years some of the investi- 
gators in the United States and Europe, especially Russia, have attacked 
the problem. In general the theories advanced go back to the researches of 
Way (27), Van Bemmelen (26), Lemberg (17) and others. We shall consider 
the theory of the Russian investigator Gedroiz (5, 6, 7, 8), whose papers are 
unavailable to American workers and which deserve more detailed review 
because of the important contributions to the phenomena in question. He 
recognizes that there are no such minerals as zeolites in soil, but on account 
of historical and general use of the term he adopts it in his discussion. He 
defines, however, what he means by zeolites of soil: 


We understand as the zeolitic portion of the soil the aluminum silicate complex, which 
is capable of exchanging its bases for bases of salt solutions. . . . When a soil 
is brought into contact with NH,CI solution the base is absorbed? by the zeolitic portion, 
bringing into solution calcium and magnesium. The amount of the chlorine ion is not 
changed in the supernatant or filtered solution. In general the amount of calcium and 
magnesium found in solution is equivalent (expressing the quantities in gram-equivalents) 
to the amount of ammonia lost from the solution. In some cases, however, the amount of 
ammonia absorbed is greater than the amount of calcium and magnesium brought into 
solution. The quantity of chlorine ions is not changed and this imparts to the solution 
an acid reaction. 


These soils Gedroiz calls “soils unsaturated with bases.” Soils in which 
the basic exchange is the same he calls “soils saturated with bases.” 


When the proper amount of concentration of NH,CI solution is used, the reaction is com- 
pleted in one minute. This fact gives a better insight in the phenomenon of mutual ex- 
change of ions and a clearer understanding of the nature of the zeolitic portion. In or- 
dinary chemical reactions between a slightly soluble substance and one that is completely 


1 Paper No. 187 of the Journal Series, New Jersey Agricultural Experiment Stations, 
Department of Soil Chemistry and Bacteriology. 

2 Gedroiz uses the term absorption although he recognizes that the reactions are surface 
reactions; this would indicate the more generally known term adsorption. 
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soluble, as between CaCO; and sodium phosphate, the reaction does not go to completion 
at once; it takes days. 


Gedroiz sees a close analogy between the reaction of the slightly soluble 
CaCO; with the easily soluble NasPO, and the reaction between the zeolitic 
portion of the soil with NH,Cl. In the first case the product is insoluble 
Caz(PO,)2 and. in the second case, the zeolitic portion in which NH, took up 
the place of the Ca and Mg. Gedroiz claims that “In the system, soil + 
NH.CI solution, the reaction speed is due to the surface nature of the reac- 
tion between the zeolitic portion and NH,Cl, or the surface layer of the zeo- 
litic portion. That the calcium and magnesium ions come from the insoluble 
portion of the soil may be demonstrated by the fact that a water extract con- 
tains none or very little calcium or magnesium.” In a recent note (9) Gedroiz 
suggests the use of 0.05N HCl instead of NH,Cl. The principle is that any 
cation may replace the cations of the zeolitic portion and hydrogen is a very 
powerful cation in this respect. In soils where the zeolitic portion is not 
saturated with metallic cations (in the earlier portion of the article Gedroiz 
calls it unsaturated with bases, as indicated above), hydrogen ions take their 
place. Such an unsaturated condition may be obtained by treating a saturated 
soil with a small amount of HCl of low concentration such as 0.051. 

In connection with the work of Gedroiz it is well to recall the work of Lem- 
berg (17) who proved conclusively that many other silicate minerals have the 
same properties of base exchange in salt solutions as the zeolites. He showed 
that treating leucite with a sodium chloride salt solution converted it into 
analcite, which with potassium chloride could be converted back into leucite. 
His experiments show that sodium silicate minerals are less stable in salt 

solutions than the corresponding potassium minerals; in other words under 
similar conditions potassium will replace sodium more easily and more com- 
pletely than sodium will replace potassium. This is suggestive on account — 
of the well known facts that potassium is strongly absorbed by soils while 
sodium is not, and that the ocean is a solution of NaCl rather than KCl. 

Gedroiz points out that the energy with which different cations force out 
from the soil the zeolitic bases, or the energy of absorption, is a function of 
the valence and the atomic weight of the cation. The only exception is the 
ammonium ion and Gedroiz (8) finds no explanation for it. Asa matter of 
fact, this ion behaves just like the potassium ion in its energy of absorption 
and this is in accord with the octet theory as outlined by Langmuir (16), where 
he shows that K and NH, have a great deal in common. The similarity in 
behavior of K and NH, has been noticed by Loeb (19) and also by one of the 
authors (12, p. 72). Gedroiz continues: 


The energy of absorption determines its persistence in the zeolitic portions of the soil. 
Among the cations of the zeolitic portion and the soil solution, calcium which possesses 
the highest energy of absorption, will persist in the zeolitic portion for the longest time. 
The composition of the zeolitic bases in soils which, for some reason, have become salinized 
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is brought about in a different way. Among the salts found in such soils, we recognize 
- sodium, magnesium and calcium. If sodium salts prevail, we call the condition a sodium 
alkali; if magnesium, a magnesium alkali, etc. The presence of these salts in solution will 
have an effect also on the solid phase of the soil, since the mutual exchange outlined above 
will take place. In soils with a predominance of sodium salts the sodium cation will find 
its place in the zeolitic portion. This is of great importance since the leaching out of the 
excess of soluble salts will still leave the zeolitic portion saturated with sodium which will 
at any moment give up its place to any other cation which has a higher energy of 
absorption. 


On the strength of the above considerations Gedroiz tries to establish the 
mode of formation of black alkali soils. If a soil containing soluble sodium 
salts saturated with the sodium cation shall also contain CaCO; the conditions 
as pictured by Gedroiz are as follows: 


The soil solution will contain the ions of calcium and sodium; if the salinizing is appreci- 
able and the concentration of sodium salts in solution is high, then the presence of the Ca 
ion in solution will not hinder the Na ion from entering the zeolitic portion of such a soil, 
forcing out {more Ca and Mg, since the concentration of the calcium ion in soil solution 
cannot be high due to the low solubility of CaCO;. If for some reason or another the 
soluble salts:of such a soil have disappeared we still have left the CaCO; and also much 
sodium in the zeolitic portion. Until the concentration of the sodium salts was high 
in the soil solution, the Ca ion on account of its small concentration can not hinder the 
sodium ion from entering the zeolitic portion, notwithstanding the higher energy of absorption 
of the Ca ion; under such conditions the Ca ion can not compete with the Na ion and 
replace it in the zeolitic portion. However, as soon as the excess of soluble salts disap- 
pears or their concentration is lowered, the Ca ion begins to force out the Na ion from 
the zeolitic portion. The equations for this reaction may be as follows: 

Zeolitic sodium + CaCO; < zeolitic calcium +- Na,CO; 

Zeolitic sodium -+- Ca(HCOs)s «— zeolitic calcium -+- 2NaHCO;. Thus sodium carbonate 

is formed when the soils contain zeolitic sodium and calcium carbonate. 


On the basis of this theory, the addition of any soluble salt of sodium pre- 
vents the formation of sodium carbonate since the preponderance of the 
sodium cation prevents the calcium cation from entering the zeolitic portion 
and thus leave behind the carbonate. 

Gedroiz (5) claims that wherever an abundance of chlorides and sulfates 
are present there is no soda. This is in apparent contradiction with the 
facts of the condition of the alkali soils used in the experiments reported in 
these papers. These soils contain tremendous amounts of chlorides, consider- 
able soluble sulfates and even some soda. There is the possibility, however, 
that this condition may be looked upon as a transition stage in the process of ' 
black alkali formation. ‘That the soil in question is not a true black alkali 
soil is apparent from the analyses and the color of the salts accumulating 
on the surface. The theory of Gedroiz demands that the soda formation is 
the second stage in the process of black alkali formation: first comes the salin- 
izing process (solontzhak in Russian) then comes the desalinizing stage followed 
by the appearance of the zeolitic sodium and formation of soda (solonetz in 
Russian). 
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This theory differs from the prevailing opinion in the United States as forn u- 
lated by Hilgard (11). According to Hilgard, the sodium carbonate is a re- 
sult of the exchange of the sodium compounds and calcium carbonates exist- 
ing in the soil solution. Gedroiz also postulates that the zeolitic portion in 
order to react with cations of the soluble salts does not go into the solution 
stage; the reaction is an absorption phenomenon and in the light of our modern 
knowledge of physical chemistry especially in the realm of colloidal chemistry 
this is quite reasonable. Gedroiz differentiates physical absorption from physico 
chemical; the former consists of absorption from solution without an exchange 
of ions, the latter consists in an exchange of cations between the solution and 
the solid phase and the exchange is in gram-equivalent quantities. Since the 
reactions in the zeolitic portion are of a surface character it is understood 
that the degree of dispersion of the particles has an important bearing, es- 
pecially in the alkali soil where the colloidal content is high. And from this 
angle the study of the behavior of the alkali soil extract is of extreme interest. 

The theories advanced by Gedroiz seem quite logical and some of our experi- 
mental data seem to verify the course of reactions outlined. Still there is 
this to be said: First, we have to agree to the fundanicntal assumption of the 
zeolites in the soil. Second, there is the possibility of reactions as given by 
Hilgard; stoichiometric considerations of concentrated solutions of sodium 
salts and calcium carbonates admit the postulate of reactions between these 
compounds and the formation of soda in soils. And besides the zeolitic sodiim 
as it is forced out from the complex may easily unite with the CO, of the soil 
air forming NaeCOs. 

The earlier work of Gedroiz has been reviewed by Cummins and Kelley (2). 
They do not mention his recent paper(8) in which he shows that the absorption 
of cations in the zeolitic portion is of a physico-chemical nature. There is an 
actual replacement in the silicate comp'ex at the surface or surface layer. The 
degree of dispersion of the particles plays its part inasmuch as the total surface 
is affected by it. The theory of Dominicis (3) as pointed out by Cummins and 
Kelley is similar to that of Gedroiz. Dominicis assumes that the hydrogels 
formed by a replacement process in certain silicates and humate combinations 
change into hydrosols. Dissociation of the sodium takes place and the forma- 
tion of sodium hydroxide which absorbs CO, and forms sodium carbonate. 
In this respect he differs with Gedroiz, since the latter distinctly shows that 
the presence of CaCO; is essential for the formation of soda. The work of 
Cummins and Kelley (2) seems to substantiate the hypothesis of Dominicis, 
since water percolates of soil treated with NaCl solution gave a strongly 
alkaline reaction, even though they contained no calcium carbonate. They 
show that the sodium fixed is an exponential function of the concentration 
of the sodium salt remaining in solution at equilibrium; also that the com- 
bined Ca, Mg and K passing into solution are chemically equivalent to the 
sodium fixed. They also point out that soluble calcium salts when present in 
sufficient concentration prevented the formation of hydrolyzable silica com- 
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pourids in the soil. Undoubtedly this is due to the coagulation effect of the 
calcium. 

Cummins and Kelley in their interpretation of the chemistry of alkalinity 
approach the theories advanced by Gedroiz; it is unfortunate that the splendid 
work of this investigator is in obscurity, on account of the inaccessibility to the 
Russian. If Cummins and Kelley (2, p. 27) would appreciate more fully the 
theories of Gedroiz they could easily explain “how a soil can yield a percolate 
containing 3 per cent sodium carbonate, for instance, and yet contain no 
determinable amount of residual alkalinity.” The coefficient of adsorption of 
the hydrogen ion is great and replaces the sodium which gives the soda; the 
residual condition is an unsaturated one, i.e., the hydrogen ion from the water 
is taking the place of the sodium in thealumino-silicate complex. Thereplace- 
ment process has been completed, i.e. all the zeolitic cations capable of replace- 
ment have been forced out by the percolation process. 

Whether the theory of Gedroiz is upheld or that of Dominicis as sup- 
ported by the researches of Cummins and Kelley (2) the fundamental ques- 
tion in the amelioration of alkali soils is to replace the sodium in the silicate 
complex (theory of Gedroiz) coagulating the colloids (theory of Dominicis) 
and eventually leach out the excess of soluble salts. For these operations any 
cation with a high energy of absorption will accomplish the task. Theefficiency 
of adding gypsum, alum or sulfur is to be looked upon from the standpoint 
of their relative power to accomplish the reactions pointed out. The gypsum 
on account of its slow solubility is not an active ingredient, although the floc- 
culating effect is quite marked and the replacement of calcium will take place 
in the silicate. Hibbard (10) leached alkali soils with a water solution of 
gypsum. He showed that on account of the low solubility of gypsum it was 
possible to add only 10 per cent of the gypsum calculated necessary to neutral- 
ize the alkalinity. 

From the viewpoint of the mass laws equation, the reaction between CaSO, 
and NazCO; shows that there is always the tendency to form Na2CO; again: 


Na,CO; + CaSO, = Na,SO, + CaCOs 


If the gypsum should react with the carbonates in solution without the revers- 
ible effect, the formation of CaCO; would tend to form more NazCO; later, 
bringing out some of the sodium, from the zeolitic portion as Gedroiz wants 
it or the “absorbates’”’as Dominicis callsit. Lucas (20) in discussing the general 
origin of sodium carbonate in nature gives several possible reactions and one 
of them is the reaction between salts and zeolites and kindred compounds. 
Mondesir (21) exhibited to the Academie des Sciences 100 gm. of NazCOs 
which he had been able to produce by treating one kilogram of soil with sodium 
salts and then leaching with water. He appreciated the base exchange in 
soils; unfortunately his theory of formation of Na2COs; has been overlooked. 
Prescott (22) shows how some of the Egyptian soils when treated with sodium 
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salts replace Ca and Mg and upon leaching bring out from the complex (the 
zeolitic portion as it is called by Gedoriz) Na ions and in the presence of CO 
sodium carbonate is actually formed. 

Kelley and Thomas (15) report experiments with sulfur on black alkali 
soils with various proportions of water soluble salts.. They found that cal- 
cium was made soluble after all of the carbonates had disappeared. The 
carbonates and bicarbonates are simultaneously attacked by the acid formed. 
They seem to think that black alkali soils must be regarded as being sodium 
saturated soils. Scofield and Headley (25) in a study on the physical condi- 
tion of soils in relation to the alkali problem present data showing that neutral 
sodium salts produce among other things a strongly alkaline reaction. They 
neglected to discuss the possibility that such treatment is responsible for the 
exchange of bases in the zeolitic portion of the soil. 

From what has been said it is fair to conclude that any rational system of 
alkali soil treatment has to take into consideration the following principles: 
(1) coagulation of the colloids, (2) washing out excess of soluble salts, (3) 
replacement of the zeolitic cations, (4) creating a reaction favorable for plant 
growth, and (5) compensating the loss of plant food caused by the methods of 
amelioration. 

The experiments reported in this paper were started in order to determine 
whether the biochemical oxidation of sulfur (12, 13, 18) which takes place 
even in alkali soils (although the organisms involved in the oxidation of sulfur 
do nat grow in artificial culture media at the reaction of alkali soils) may be. 
utilized in reclaiming alkali soils. 

The first two points have been discussed in the first paper; some features 
of the second point and the others are the subject of discussion of the follow- 
ing papers. 

Empirically some approach to treat alkali soils as just outlined has been 
made. Gypsum with all its drawbacks, as pointed out, does in some way 
accomplish a coagulation of colloids and replaces the zeolitic sodium. The 
permeability of alkali soils improved by the addition of gypsum allows leaching 
operations. At this point it is of interest to look into the chemical effects of 
water, provided conditions are favorable for leaching. It is known that the 
reaction power of any soil solution is determined by the concentration of hy- 
drogen ions. Although pure water does not dissociate very much, there are 
some free hydrogen ions [dissociation constant of water = Kw = 1.1 10-%, 
as determined by Kohlrausch and taken from Clark (1)]. True enough, the 
concentration is very small but in the case of leaching the bulk of water may 
give a total concentration of hydrogen ions which may be of considerable 
moment. Moreover, the dissociation constant of water is increased if ionizable 
salts are present in solution. From theoretical considerations prolonged 
leachings with water ought to accomplish the same effect as with an acidified 
solution or with some neutral salt with a cation of high energy absorption. In 
practice, however, leachings operations are impossible due to the fact that the 
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colloids present produce a spongy effect and prevent the permeability of water. 
Furthermore, if the zeolitic portion is saturated with sodium, the replacement 
of hydrogen ions brings about a more alkaline condition and this in turn de- 
creases the permeability. In the case of gypsum the slightly favorable effects 
on coagulation of the colloids and permeability of the soil are quickly counter- 
acted by leaching. The sodium carbonates formed due to the replacement of 
the sodium in the zeolites serve as a strong peptizing agent and the original 
condition is brought about again. ; 

The effects of alum as suggested by Scofield (23) will be discussed more fully 
when the experimental results are reported. 

The soil investigated was obtained from the California Experiment Station, 
Riverside, California. Originally the soil came from Fresno. In texture it is 
a sandy loam, strongly alkaline with a pronounced soda odor, having a pH 
reading varying from 9.6 to 8.8 depending chiefly on the increase or decrease 
of the carbonates and bicarbonates. The data on the amount of carbonates 
and bicarbonates in the untreated cultures at various periods of incubation 
show the fluctuations. This indicates a displacement of equilibrium between 
the carbonates and bicarbonates. The conditions affecting this equilibrium 
are concentration, temperature and other side reactions. The activity of such 
changes is expressed by the speed it proceeds. The general principle covering 
such changes is known as the law of molecular concentration: “In any given 
chemical change the apparent activity and therefore the speed of that 
change is proportional to the molecular concentration of each of the 
interacting substances.” Due to the change in concentration of the 
carbonates and bicarbonates the amount of them even in the untreated 
soils is not constant. At the start the amount of carbonates was about 
500 pounds per acre calculated as Na,CO;. At times it ran up as high 
as 600 to 700 pounds and as low as 300 pounds. The variations in the 
bicarbonate content are governed by the carbonates. At the start the 
bicarbonates were up to about 6000 pounds, calculated as NaHCO. 
The chlorine content of these soils runs up to 8000 pounds per acre 
on the basis of two million pounds of soil per acre. 

In the first series of experiments, flower pots of 1.4-pound capacity were used 
to study the effects of the various treatments on leaching. Earthenware 
glazed pots of 16-pound capacity were used for the study of the effects of 
various treatments without leaching. In order to prevent absorption by the 
clay walls of the flower pots the latter were boiled for 15-20 minutes in paraffin. 
It was found later that this treatment was not enough to prevent absorption. 
Besides, fungi developed on the paraffin. All of that introduced complica- 
tions which will be pointed out presently. Moisture was added equal to 60 
per cent of the total moisture-holding capacity. The pots were kept in the 
greenhouse and were thus subject to constant variations in temperature which 
undoubtedly had its effects on the displacement of equilibrium spoken of above. 
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In the second series of experiments which followed the first series some slight 
modifications were made. The pots used were earthenware glazed pots of 3 
pounds capacity with holes on the bottom for leaching. Some of the pots 
received sulfur mixed in with the surface four inches of soil, others were mixed 
with the bulk of soil. The idea of applying the sulfur to the surface four 
inches was to see whether diffusion would effect the desired changes; this would 
also indicate the possible effects of sulfur oxidation on the subsurface soil. 


TABLE 1 


Treatment of alkalt soils 


TREATMENT 


First series Second series 


None None 

4000 pounds sulfur 2000 pounds sulfur* 
4000 pounds sulfur, 5 tons peat 2000 pounds sulfurt 
6000 pounds sulfur 4000 pounds sulfur* 
6000 pounds sulfur, 5 tons peat 4000 pounds sulfurf 
2000 pounds sulfur 6000 pounds sulfur* 
2000 pounds sulfur, 5 tons peat 6000 pounds sulfurf 
4000 c.p. alum, 5 tons peat 4000 pounds c.p. alum 
4000 c.p. alum, 2000 pounds sulfur 
5 tons peat 


RP CONTA UP WD 


—s 


* Sulfur was applied to surface 4 inches. 
¢ Sulfur was mixed with bulk of soil. 


TABLE 2 
Rate of sulfur oxsdatron 


INCUBATION PERIOD 


60 days 95 days | 140 days 


Sulfur oxidized 


per cent per cent 


2000 pounds sulfur 60 87 
4000 pounds sulfur : 37 60 
GUDD MIS DENIES: 331636. 25i5. Sos. S59405 9.5 26 57 


Other features of the second series will be pointed out as the results are dis- 
cussed. The second series of pots were kept at room temperature. 

Table 1 gives the scheme of treatments of both series. 

We shall take up separately the physical, chemical and biological effects of 
the various treatments. The rate of sulfur oxidation bears directly upon these 
effects. Accordingly, a record of the sulfur oxidized at the various incubation 
periods of the first series is presented in table 2. 
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The significance of the rate of oxidation of sulfur will be taken up later; at 
this point we shall interpret the effect of the sulfuric acid produced from the 
oxidation of sulfur on the physical condition of the soil. 


EFFECTS ON THE PHYSICAL STRUCTURE 


After twenty-four hours, 1 pound of soil was removed from the large pots 
(first series), air-dried and placed into glass tubes (? inch inside diameter, 4 
feet long) and compacted by pounding gently on a rubber block. Fifty 
cubic centimeter of tap water was poured upon the top of the column in each 
tube. After twenty-four hours of contact with the water, the length of the 
column penetrated by the water was measured and it was found that the alum 
treated soils were quite permeable; all of the water was absorbed and none was 
standing on the surface. In all other tubes the water was still on the surface 
and the length of column penetrated was only 5--6 inches against the 15 inches 
in the alum-treated soils. It is evident that the alum coagulated the colloids 
and as a result negative adsorption increased and the permeability improved. 
The same effect of the alum may benoticed from figure 1 which gives the curves 
on the capillary rise of water after 14 days’ incubation. The alum treatment 
exerted a beneficial effect on the permeability of the soil. However, as the 
period of incubation was prolonged, the beneficial effects of the alum treatment 
gradually disappeared. This is brought out in figures 2, 3, 4, 5, 6. 

The curves of the figures represent the two series of experiments as outlined 
in table 1. The general tendency of the curves is the same in both series: 
The alum treatment is not permanent, not even lasting, while the sulfur treat- 
ment shows progressive improvement as the period of incubation is prolonged. 
There are, however, other features which deserve special attention and for that 
reason it is important to consider the two series of curves separately. Figures 
1-4 are the curves from the first series. It has been noted already (14) that 
the cultures treated with alum after 14 days as shown in figure 1 have a total 
rise greater than any other. This indicates that the strongly adsorbed tri- 
valent aluminum ion exerted its influence by coagulating the colloids and 
thereby decreasing the surface increasing negative adsorption and thus im- 
proving the permeability. As the period of incubation was prolonged the effect 
of the alum gradually disappeared. After sixty days, as may be seen from 
figure 2, there is a wide difference-of capillary movement between culture no. 8 
(treated with alum) and the cultures treated with sulfur. The same is true 
after 95 days and 140 days as shown in figures 3 and 4. Attention should be 
called at this point to the reaction of the extracts of culture 8 (treated with 
alum) at the various incubation periods. It is instructive to learn that after 
14 days the pH of culture 8 was 8.2, and after 60 days, it was 8.6. After 140 
days we find some carbonates in culture 8 showing that the pH reading is not 
lower than 8.2. 
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Examining the curves of the second series of experiments (fig. 5-8) we note 
the same phenomenon. The alum treatment improves the soil temporarily 
but the alkalinity is returning after a short time. From considerations of 
practicability alum may be used as a temporary ameliorating agent. Wherever 
a single leaching will wash out the soluble salts and bring the soil back to 
productiveness it should be advisable to coagulate the colloids and improve the 
permeability by additions of alum. In general, however, such a temporary 
relief is not to be considered in a rational scheme of treating alkali soils. 

On the basis of the flocculating power of aluminum, Scofield (24) suggested 
the use of aluminum salts as a treatment for certain badly deflocculated soils 
of the semi-arid regions. He points out that at the rate of 10 tons per acre (he 
does not state the percentage purity of the alum used) a very marked change 
has been shown in the physical condition of the soil. How long the effects 
lasted has not been given. Kelley and Thomas (15) in their experiments with 
alum (ordinary potassium alum was used) find that the addition of alum 
reduced the alkalinity effectively. Their procedure was to mix the dry alum 
salt with the soil and the mixture was extracted with water. They recognize 
the fact that alum solutions are acidic in nature (0.01 M c.p. alum used in our 
experiments gave a pH reading of 3.0) and of course some of the alkali carbon- 
ates have been neutralized. They did not, however, leave the mixture in 
contact for a long period of time to see what would happen. Undoubtedly 
the alkalinity would have appeared again as it happened in our experiments. 
The chemistry of the process may be pictured as follows: the alum is coagu- 
lating the colloids and hydrous aluminum oxide is precipitated; this sets free 
some of the sulfate anions which combine with the sodium from the carbonates 
and bicarbonates as indicated in the equation: 


Al,(SO4)s-K2SO,-24 H,O + 6 NaHCO; —> 


It is obvious that the CO, formed combines readily with some of the sodium 
replaced from the zeolites as soon as the Na2SQ, is leached out. Even without 
leaching there is a chance for some of the hydrogen ions, which have a high 
coefficient of adsorption and also some of the Al ions to replace sodium and 
other cations. The result is augmentation and accumulation of NagCO;. 
The presence of Na2CO; under such conditions will react with the precipitate 
Al(OH); and give the well-known “neutral alum,” a basic salt KeSO,- Al(OH). 
(SO,)s. From this we may get again a precipitation of the aluminum hydroxide 
if an acid reaction is maintained in the system. Otherwise the ameliorating 
effect is lost. The side reactions such as the replacement of Ca and Mg, 
of which we must be aware, will not alter much the general scheme of reactions 
outlined. That an acid reaction, or better to say a less alkaline reaction, is 
favoring the desirable physical improvements in alkali soils may be well 
illustrated in figures 1-4 by the curve no. 9, representing the treatment of 
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alum and sulfur. It will be noticed that the combined alum and sulfur treat- 
ment had a very beneficial effect on the capillary movement of water which 
serves as an index of the improvement in the physical condition of the soil. 
After fourteen days, as may be seen from figure 1, the combined alum and 
sulfur treatment shows its superiority over any of the treatments. The same 
is true after sixty days, although at this time the alum alone has ceased to 
exert its influence and the curve runs even lower than the control. There is 
one question however which suggests itself: ‘Why does curve no. 9 show a 
greater capillary rise than curve no. 6, which has 2000 pounds of sulfur, an 
amount similar to no. 9?” Judging from no. 8, the alum should have no more 
effect at this time; however, it is superior in its effects even over no. 4, the 
highest sulfur application. A little insight into the possible reactions will clear 
up the apparent discrepancy. As pointed out above an acid reaction tends to 
keep up the efficiency of the alum and this is what happens in no. 9. The 
oxidation of sulfur produces sulfuric acid and as the NazCO; is formed it is 
partly attacked by the HySO, formed. Besides, the excess of SO, anions 
prevents the replaced sodium cations from the zeolites to combine with the 
CO,; this may easily be explained on the basis of the mass law effect. As the 
period of incubation advances the combined alum and sulfur effect is waning 
and at 140 days we find (fig. 4) that no. 9 is even below no. 6. This would 
‘ indicate that even under conditions of less alkalinity the favorable influences 
of alum eventually dwindle. It is very probable that the aluminum as a 
trivalent ion has a high coefficient of adsorption and replaces more sodium 
and other cations from the zeolites. These combine with the sulfates, silicates, 
etc., hydrolyze and again turn into colloidal state. This precludes the con- 
clusion that as long as there are replaceable cations in the zeolitic portion any 
ameliorating agent will fail. The problem thus resolves itself to determine 
quantitatively the amount of zeolitic cations subject to replacement. This 
subject is now under investigation. 

Notice should be taken of the favorable effects of the higher amounts of 
sulfur treatment. It is apparent that the quantity of hydrogen ions of the 
sulfuric acid formed is thus far sufficient to replace the cations in the zeolites 
and check the formation of the NasCO; by increasing the SO, component in 
the system and thus forcing the formation of the neutral sulfate, thereby 
retaining the favorable physical effects. 

No mention was made of the effect of peat, either by itself or in combination 
with sulfur, or with alum. The data on hand does not warrant any conclusion. 
None of the peat treatments showed any outstanding results and from the 
standpoint of physical improvement the experiments showed no visible effects. 

Figures 5-8 give the curves of the second series of experiments. It is well 
to recall that in this series diffusion effects were to be studied. For that pur- 
pose sulfur was mixed with the top four inches of soil in some of the cultures. 
The peat treatment was also omitted in this series. An analysis of the curves 
shows that the general tendency is for the higher sulfur treatments to lead in 
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efficiency of physical improvement. The alum again shows that at the time 
of application it improves the condition but the efficiency gradually goes down 
to zero and even becomes negative. Attention is called to the fact that the 
curves of this series, except no. 8 (190 days), represent capillary movement of 
water after leaching. The soils were leached with 400 cc. of water, air-dried 
and placed in the tubes as outlined previously. Some interesting features may 
be demonstrated. First of all the leachings exert an unfavorable effect on the 
lower sulfur applications. Apparently after washing out the accumulated 
sulfates more of the cations from the zeolites go into solution forming more 
carbonates. After that time there is not enough sulfuric acid formed to pre- 
vent the sodium to form carbonates which wipe out the improvements pro- 
duced. The alum treatment after 30 days’ incubation and after leaching 
showed itself on par with the cultures which received the highest amount of 
sulfur in respect of capillary movement. In the light of the reactions of 
aluminum and carbonates as outlined above it may well be explained why just 
at the start the physical condition is improved. As the period of incubation 
is advanced more cations are replaced, they unite with the CO2, appear in 
solution and introduce an alkaline reaction. This is borne out by the data on 
the reaction of the extracts as shown in the next paper. 

In reference to the diffusion effects of the sulfuric acid formed from the oxida- 
tion of sulfur it may be seen from the curves that a surface incorporation of 
sulfur is not as effective as mixing the sulfur with the bulk of soil. However, 
the acid is diffusing and, since such a surface incorporation is more closely 
comparable to field conditions, it is fair to infer that such action will take 
place in the field, provided environmental conditions for sulfur oxidation are 
favorable. 

Another expression of the physical effects brought about by the various 
treatment is the amount of leachings as shown in table 3. 

The leaching operations were conducted as follows: 400 cc. of water® were 
applied to the surface of the pot; in the first two samplings of the first series 
(after 14 and 48 days) the time of contact of water with the alkali soil was not 
limited. All treatments were leached through in about the same period of time. 
Later on the control cultures and the alum treatments began to fall behind and 
even after seven days not all the water had leached through. For that reason 
the water was kept in contact with the soil only 48 to 72 hours after which time 
it was poured off. It will be noticed that in the first series the amount of 
leachings in the alum treatment follows closely the course of the capillary 
movement of water. The alum introduces a temporary effect which is gradually 
disappearing. Some inconsistencies that may be pointed out are undoubtedly 
due to the absorbing effects of the clay pots on account of the inefficiency of 
paraffining. In general, however, the tendency is well defined. The data on 


3 Tap water was used in the first series; distilled water, in the second because of the vari- 
ability in the tap water. The same kinds of water were used for making up the evapora- 
tion losses in either series. 
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the leaching in the second series are not so outstanding. The physical improve- 
ment brought about by the alum is persisting a longer period. However, at 
190 days we notice the decline of the alum treatment and leaching operations 
made after 8, 9, 10 and 11 months showed that the alum treatment has no 
more effect. It is very likely that the difference in the water applied (dis- 
tilled in the second series) and the environmental condition of incubation 
(first series in greenhouse, second series at room temperature) made the 
difference in the effectiveness of the alum treatment. At any rate the physical 
effects of the alum and especially of alum and sulfur are significant and more 
work is contemplated in this direction. 
In the next paper the chemical effects of the treatments will be taken up. 


TABLE 3 
Leachings obtained at various incubation periods from alkali soil cultures differently treated 


LABORATORY FIRST SERIES SECOND SERIES 
NUMBER OF 
TREATMENT 14 days 48 days 95 days | 140days | 30days | 75days | 140 days | 190 days 
0 cc. cc. cc. cc. cc. cc. cc. 
1 188 102 75 20 165 105 150 60 
2 168 260 285 210 180 205 230 252 
3 160 125 298 205 153 155 225 225 
4 159 262 290 195 224 250 237 215 
5 195 312 293 205 182 190 255 270 
6 182 158 90 110 212 270 260 250 
7 175 142 150 205 127 240 237 220 
8 180 230 138 145 200 230 225 125 
9 225 265 210 65 ; 
11 78 53 10 
SUMMARY 


The theory of base exchange is the corner stone of the research on the 
origin of alkali soils. The contributions of Gedroiz were considered in some 
detail because of the important theories advanced by him. A brief review of 
the work done at the California Agricultural Experiment Station. and others 
has been given. 

The problem of alkali soil treatment has been presented and the chief points 
involved outlined. 

Experimental work reported includes an outline of the methods used in 
treating the alkali soils and a discussion of the effects, with special reference 
to the physical structure of the alkali soils. 

A series of eight curves illustrates the capillary movement of water in alkali 
soils variously treated. 
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The chemical composition of the soil is constantly changing, but our present 
methods of analysis are not delicate enough to enable us to detect certain of 
these changes, unless the determinations be made to cover periods of several 
years. It is important, however, that such determinations should be made, 
for otherwise it is difficult to tell whether a given system of agriculture is one 
of soil building or of soil robbery. 

It may be argued that the crop yields should answer this question. Un- 
fortunately they frequently do not until it is too late to help the individual 
farmer. The changes take place so slowly that the yields may run along 
about uniform, fluctuating according to weather conditions, with little indica- 
tion of decline, while the reserve supply of plant food (in the case of nitrogen 
and organic matter especially, the accumulated wealth of centuries) is being 
gradually eaten up. At last, after a period of fifteen to twenty-five or fifty 
years, the breaking point comes and the land no longer yields its accustomed 
averages. Crop failures are more frequent and finally a certain proportion of 
once prosperous farm lands is abandoned, or left to tenants and foreigners who 
have little knowledge of the potential productive capacity of the land and less 
ambition for the creating of a united farm community. 

Thousands of soil analyses are on record, but aside from the records at the 
Rothamsted Experimental Station there are apparently few instances where it 
is possible to compare the analysis of the original soil with the analysis of the 
same soil after twenty or twenty-five years of crop and fertilizer treatment. 


In this connection Gilbert (5) reports some figures which are of interest and throw some 
light on the subject of soil depletion. Three Rothamsted arable soils which had been under 
experimental observation, in the growing of root and grain crops, for thirty to forty years 
gave an average of 0.108 per cent nitrogen; seven rich Russian soils an average of 0.341 per 
cent nitrogen and eleven United States and Canadian prairie soils 0.340 per cent nitrogen. 
Thus it will be noted that the Rothamsted soils, which have probably been under cultivation 
for several centuries, contain less than one-third of the nitrogen found in the American 
prairie and rich Russian soils. 

In discussing the character of a rich virgin soil Gilbert (5) says: “But not only the facts 
obtained in our own and other investigations, but the history of agriculture throughout the 


1 Paper No. 184 of the Journal Series, New Jersey Agricultural Experiment Stations, De- 
partment of Soil Chemistry and Bacteriology. 
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world, so far as we know, clearly shows that a fertile soil is one which has accumulated within 
it a residue of ages of previous vegetation, and that it becomes infertile as this residue is 
exhausted; and enormous as are the accumulations in the prairie lands of the American 
continent it is still desirable to postpone, rather than to accelerate, the time of their ex- 
haustion.” 


The soil used in the cylinder experiments which were started at the New 
Jersey Station in 1898 provides an excellent opportunity for a study of this 
problem. This experiment has been described in earlier papers (9, 16) and 
only brief reference need be made to it here. The soil is that described by the 
Bureau of Soils as Penn Loam (2), derived from the Triassic red shale. 

The work was originally outlined under the rather broad heading, “Investi- 
gations relative to the use of nitrogenous fertilizer materials.” The plan 
included a careful study of nitrogen availability, and other phases of the nitro- 
gen problem. A five-year rotation has been carried out and this together with 
the fertilizer and manure treatment have brought about certain very definite 
modifications in the composition of the soil. Nitrogen has been applied annu- 
ally throughout the period in the form of nitrate of soda, sulfate of ammonia, 
dried blood and cow manure. The manure has been used at the rate of approx- 
imately 16 tons per acre annually (4 gm. nitrogen per cylinder), both alone 
and in combination with the commercial materials. Nitrate of soda has been 
used at the rate of 160 and 320 pounds per acre, and sulfate of ammonia and 
dried blood in amounts per acre equivalent to the 320 pounds of nitrate of 
soda. 

The arrangement of the cylinders in the experiment is shown in figure 1. 
All cylinders except the three of series 1 have received annual applications of 
acid phosphate at the rate of 640 pounds, and muriate of potash at the rate of 
320 pounds per acre. When the soil was first prepared, a liberal application 
of lime, in the carbonate form, was made for all cylinders, but no further lime 
treatment was given for the first ten years. In 1908—beginning the third 
five-year period—lime was again applied to the B and C cylinders of all the 
series, but none was applied to the A cylinders. This lime treatment (at the 
rate of two tons per acre) for the B and C cylinders has been repeated at 
intervals of five years. The plan of applying manure and fertilizers is indicated 
in figure 1, reference to which has already been made. 

Careful records have been kept of the crops grown on these cylinders through- 
out the period, and nitrogen determinations have been made for all the crops. 
It is possible, therefore, to calculate the amount of nitrogen applied to all 
of the cylinders and the amount removed by the crops. Phosphoric acid and 
potash have also been determined in representative samples of each crop, but 
these constituents have not been determined in all samples of the different 
crops. 

Determinations have been made of the total nitrogen, phosphoric acid, 
potash, lime, magnesia and carbon in the original soil and of total nitrogen, 
phosphoric acid, lime and carbon in all of the sixty cylinder soils, and potash, 
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. Minerals, manure, solid, fresh. 


. Minerals, manure, solid and liquid, fresh. 

. Minerals, manure, solid, leached. 

. Minerals, manure, solid and liquid, leached. 
. Minerals, nitrate of soda, 5 gm. 


. Minerals, nitrate of soda, 10 gm. 


. Minerals, manure, solid, fresh; nitrate, 5 gm. 
. Minerals, manure, solid, fresh; nitrate, 10 gm. 


. Minerals, manure, solid and liquid, fresh; nitrate, 5 gm 
. Minerals, manure, solid and liquid, fresh; nitrate, 10 gm. 


. Minerals, manure, solid, leached; nitrate, 5 gm. 
. Minerals, manure, solid, leached; nitrate, 10 gm. 


. Minerals, manure, solid and liquid leached; nitrate, 5 
. Minerals, manure, solid and liquid leached; nitrate, 10 
. Minerals, sulfate of ammonia, equivalent to 10 gm. ni- 


. Minerals, dried blood, equivalent to 10 gm. nitrate. 


. Minerals, manure, solid leached; sulfate of ammonia as 


. Minerals, manure, solid, leached; dried blood as in 18. 


CHANGES IN CYLINDER SOILS 


Check. 


Minerals (20 gm. acid phosphate and 10 gm. muriate of 
potash). 


gm. 
gm. 


trate. 


in 17. 


OOOOOOOOOOOOOCOOOOO0O x 


Fic. 1. DraGRAM OF EXPERIMENT 


OQOQOOOOOOOOOOOOO0OCO O& 
OQOOCOOOOCOOOOOOOOOOCO * 


Ww 
w 


34 A. W. BLAIR AND A. L. PRINCE 


magnesia and manganese in certain samples, which are regarded as representa- 
tive of the entire lot. Determinations made on the original soil gave the 
following results: 


per cent 
PNONNO SS Abs hal Nate gen nhs seacaeAsicanas ess sek ehie ad 0.225 
I cas asa atta ho i woo oie meta we WS ly 5 54 9 Sie lo W556 AR 2.634 
SEEMS occ Cine reise Sacas Seuss s aS eee vanes 4sesee ceo ae ae Soy 0.807 
UMN sos AN Saeed cick Seek ne oaks Salle niad 242s sca en ae mens eee 2.241 
eee errr EP Or LER ET 0.197 
Pea Shoko ss cbs iow deena ee canteen REEL CEU eS oc BS 1.825 


Since the nitrogen balance of these soils has been fully discussed in earlier 
papers (9, 10) it is not deemed necessary to repeat that part of the discussion. 
It may be added that the records for the first ten years show an average annual 
loss of nitrogen, exclusive of that removed by crops, of 103 pounds per acre. 
For the fourth five-year period the average loss was considerably reduced, and 
for certain of the A and C cylinders there was some gain. The gain on the C 
cylinders should no doubt be attributed to symbiotic fixation through legume 
cover crops which were grown on these cylinders twice during each five-year 
period. It is pointed out that with continuous cultivation it is exceedingly 
difficult to maintain a high nitrogen content of the soil, except at wasteful 
expenditure of nitrogenous fertilizers_ 

In addition to the removal of nitrogen by crops there is the constant dissipa- 
tion and loss of nitrogen through the decomposition of organic matter. The 
more intensive the cultivation and the higher the rate of fertilizing the greater 
is the loss. 


In discussing the analysis of Rothamsted soils in his report on “Fertility” in 1881, Sir 
John B. Lawes (8) says: “With regard to the nitrogen in the soil each analysis shows a 
reduction in the amount present as compared with that which preceded it. The difficulty 
consists in fixing the actual amount of such reduction. I am disposed, however, to estimate 
it at from 1000 to 1200 pounds per acre during the forty years, which would be considerably 
more than the amount of nitrogen carried off in the crops of wheat.” 

Lawes sums up his discussion on this point as follows: ‘We have evidence of a very large 
loss in the accumulated stock of nitrogen, based upon the assumption that my land was 
originally pasture; there is a further large loss during the period in which the land has been 
under experiment and growing unmanured corn crops. The crops are declining; the amount 
of nitrogen removed each year in the crops is declining; and, therefore, a considerable re- 
duction of the nitrogen in the first 9 inches, with an indication of a small reduction in the 
second 9 inches, is shown by different analyses of the soil itself.” 

The much larger annual loss of nitrogen from our cylinder soils than from the Rothamsted 
soils would appear to be due to the very liberal use of manure and nitrogenous fertilizers, 
and to the heavy cropping. 


TOTAL PHOSPHORIC ACID (P,O;) IN SOILS AND CROPS 


The percentages of phosphoric acid in the soil representing the individual 
cylinders are shown in table 1. Comparing these figures with the percentage 
in the original soil (0.225 per cent) it will be observed that there has been an 
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increase in phosphoric acid content for all the cylinders except the three 
of series 1, where no phosphoric acid has been applied during the twenty-five 
years. In the soils of this series there has been a slight loss, though less than 
would be expected under the existing conditions. It must be borne in mind, 
however, that the crops on these cylinders have been small, no fertilizer of any 
kind having been applied. 


TABLE 1 
Per cent total phosphoric acid (P20) in cylinder soils after twenty-five years cropping 
(sampled in 1922) 
SERIES CYLINDER — —— 
per cent per cent per cent 
1 MR Sere na coe seeeee ates acomenene es 0.181 0.169 0.194 
2 Minerals. . See Retshecet scent reer 0.242 0.283 
3 Minerals, visite solid, ‘il. Beate Netto 0.333 0.320 0.372 
4 Minerals, manure, solid and liquid, fresh...... 0.369 0.288 0.341 
5 Minerals, manure, solid, leached..............] 0.335 0.348 0.354 
6 Minerals, manure, solid, and _ leached..... 0.335 0.328 0.358 
7 Minerals, nitrate of soda, 5 gm.. eecciaisievears) \OMBOS 0.252 0.273 
8 Minerals, nitrate of soda, 10 gm.. Sth Orage 0.264 0.268 
9 Minerals, manure, solid fresh; nitrate 5g Co re 0.333 0.332 0.347 
10 Minerals, manure, solid, fresh; nitrate, 10 gm....| 0.316 0.330 0.350 
11 Minerals, manure, solid, and liquid, fresh; ni- 
trate, 5 gm... |  OLS01 0.290 0.315 
12 Minerals, maitre, ae oll hiquid, Ateehs ni- 
trate, 10 gm.. s  O132t 0.303 0.312 


13 Minerals, onan, solid, inhaled; ‘oltehite, Sam. .| 0.346 0.350 0.361 
14 Minerals, manure, solid, leached; nitrate, 10gm.} 0.335 0.330 0.358 


15 Minerals, manure, solid, and liquid, leached; ni- 

re ST 0 Apter Feit arp th acer a oh A Same 0.328 0.343 0.364 
16 Minerals, manure, solid and liquid, leached; ni- 

WPRIE PONT erie ec eee se emeee 0.312 0.330 0.350 
17 Minerals, sulfate of ammonia, cor to 10 : 

gm. nitrate.. .| 0.286 0.286 0.294 
18 Minerals, pry heed, peereeny ‘ ‘10 gm. 

TERRE: (oss io ais rar scas cise ae ene ats eke 0.276 0.285 0.290 
19 Minerals, manure, solid, leached; sulfate of am- 

MMIMIAR ARON 553)4 55 2 i Arid ns Rae eee a 0.351 0.330 0.367 
20 Minerals, manure, solid, leached; dried blood 

PURINA G. 2 sino 5s so aaides pt esbaceceeveces 0.338 0.335 0.367 

Pc RNR 8 8 i A a Pe, Pre, GOES WO | MAREN ede 0.309 0.303 0.326 


The cylinders of series 2 where acid phosphate and potash have been applied - 
without nitrogen, have, with slight exception, made the least increase of any. 
Next in order of increase are series 7,8, 17 and 18. Reference to the plan will 
show that these cylinders receive liberal applications of commercial fertilizers, 
but nomanure. The average gains have been slightly greater on the C cylin- 
ders than on the A or B cylinders. This is probably due to the fact that on 
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the C cylinders two green manure crops have been grown during each 
five-year period. 

These gains over a period of years are significant, when considered in con- 
nection with the nitrogen losses which have taken place over the same period. 
They are also of interest since they bear out, in a striking manner, the general 
belief that phosphates are not readily lost in the drainage waters. 


In this connection it is of interest to note that Dyer’s (4) analyses of Rothamsted soils 
show that the greater part of the excess of phosphoric acid supplied, over that removed in 
the crops, was still to be found in the top 9 inches of the soil. Dyer summarizes his work 
in these words: “by far the greater portion of the unconsumed phosphoric acid in the manure 
is accumulated in the surface soil although for the most part originally soluble in water. In 
the case of dung there is a considerable descent into the second and third depths of 9 inches, 
and there is also evidence of a considerable descent into the second and even into the third 
depths in those cases in which superphosphate has been accompanied by constant dressings 
of potassium, sodium and magnesium salts. The greater part of the calculated accumula- 
tion, however, is found by analysis in the surface soil, and a large proportion of it is found 
in a condition in which it dissolves in a weak solution of citric acid.” 

It should be observed that Dyer refers to the Rothamsted soil as a loam which contains 
much clay. 

According to Dyer’s figures (4, p. 100) the unmanured Rothamsted plot contained 0.114 
per cent phosphoric acid in 1893, and the plot which had received barnyard manure for 
fifty years contained 0.215 percent. Therefore, the plowed acre (2,000,000 pounds), manured, 
contained in 1893, approximately 2000 pounds per acre more phosphoric acid than the un- 
manured land. The Rothamsted records show that the manure was used at the rate of 
14 tons per acre annually for the fifty years. This manure must have supplied at least 
5 pounds of phosphoric acid per ton or 3500 pounds for the entire period. Assuming that 
the crops removed on an average 30 pounds of phosphoric acid per acre annually, 1500 
pounds would be accounted for in this way. This subtracted from the 3500 pounds would 
leave the manured soil with just 2000 pounds more phosphoric acid per acre than the unma- 
nured, which corresponds very closely with the analyses reported above. According to this 
calculation there must have been practically no loss of phosphoric acid during the fifty years. 
It is entirely possible, however, that the manure may have contained somewhat more than 5 
pounds phosphoric acid per ton, or that the crop may have removed less than 30 pounds per 
acre, for undoubtedly some phosphoric acid must have been transferred to the second and 
third 9-inch sections. 


After twenty-five years of cropping, our unmanured cylinder soils show an 
average of about 0.18 per cent phosphoric acid; those which have received acid 
phosphate but no manure, an average of about 0.27 per cent; and those which 
have received both acid phosphate and manure, an average of 0.33 per cent. 
According to the analyses of the original soil the plowed acre (63 inches depth) 
must have contained about 4500 pounds of phosphoric acid. The annual 
application of acid phosphate at the rate of 640 pounds per acre would mean 
approximately 100 pounds of phosphoric acid per acre annually or 2500 pounds 
for the twenty-five years. This added to the amount present in the beginning 
gives a total of 7000 pounds. 

In the soils of those cylinders which have received the acid phosphate but 
not manure there is now present, according to analysis, approximately 5400 


Se ee 
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pounds of phosphoric acid per acre 63 inches. This subtracted from the 7000 
pounds leaves 1600 pounds to be accounted for. The crops which have been 
removed over the period will account for a considerable part of this. The 
amount thus removed may be calculated with a fair degree of accuracy. 
Without going into the details of taking the individual cylinder yields for each 
year the average yields for the different crops for the twenty-five year period 
may be multiplied by the average percentage of phosphoric acid in the dry 
matter to obtain the total amount of phosphoric acid thus removed. 

Since a part of the cylinders received their phosphoric acid in the form of 
acid phosphate only (single portion) and a part received it in the form of acid 
phosphate and manure (double portion) it is necessary to report the average 
yields for both treatments. The average annual yields were as follows: 


DRY MATTER PER CYLINDER 


CROP es F With mineral! 
(Silizesoniy | fertilizers and 
gm. gm. 
SR ee eS a ey See een te 300.0 450.0 
Oats (grain and straw) 10 vears) Cnn 173 .6 207 .3 
Residual corn (forage) [0 |... cee cece ee ee ecee sees] 79.9 133.2 
RN ois cich a ae, Sia Saas bias Seow /asua« ni 'sba aN hune 82.1 101.7 
Wheat, 5 

np years Grin SACRA EE 190.7 
MINER AB AIRE cM MORNE fas 6 96,0754 401550547 in 8 Siapesaivisialaieinue eo 150.0 220.4 


Phosphoric acid and potash have not been determined in the crops for each 
year, but sufficient determinations have been made for the different crops to 
give a fair average. The results are as follows: 


CROP ——— POTASH 

per cent per cent 

REGEN TIDCAO Ce ois ssceS eases sts eee ed as Sees ete etree ree 0.464 2.20 
Sere ret ON SEW) ssc ss eccc st eens Pecee ee te itd aay 0.940 1.71 
PPUHIOMS COMM ROMMNC) aise sksster in cae sas Seen he ween enaee ne 0.873 - 3.42 
RE gag cys cies) Siete Sis Sues aly e aren a ee conte were 1.121 0.50 
WE i oo ele es 0.227 0.67 
PMOUIYUAY ciecuc e's sc svat oceans ay Pee De Re oper erect 0.441 0.88 


From the dry weights and the percentages of phosphoric acid the pounds of 
phosphoric acid removed per acre by the crops for the twenty-five-year period 
have been calculated, with the results shown in table 2. 

Thus it is seen that of the 1600 pounds previously reported as unaccounted 
for in the cylinders receiving the mineral fertilizers, only about 1272 pounds 
have been removed by the crops leaving 328 pounds or an average of 13 pounds 
per year as held in the subsoil and lost in the drainage waters. The average 
removed by the crops amounts to about 51 pounds per acre annually. 


38 A. W. BLAIR AND A. L. PRINCE 


For those cylinders which have received both manure and acid phosphate, 
phosphoric acid has been applied at the rate of about 200 pounds per acre 
annually or 5000 pounds for the 25 years. This added to the 4500 pounds 
present in the beginning, gives a total of 9500 pounds. By analysis it is found 
that these cylinders now contain phosphoric acid equivalent to 6600 pounds 
per acre. This leaves 2900 pounds to be accounted for in crops removed, or 
otherwise. From table 2 it is found that the crops grown on these cylinders 
during the twenty-five years, removed 1736.5 pounds of phosphoric acid. 
Subtracting this from 2900 pounds leaves 1163 pounds fixed in the subsoil and 
lost in drainage waters. This is an average of about 46 pounds per acre 
annually which is more than three times the amount thus lost from those 
cylinders that received the single portion of phosphoric acid. 


TABLE 2 
Phosphoric acid removed by the several crops for a period of twenty-five years 

P20; REMOVED PER ACRE 

CROP g 2 With mi l 

euighaminers, | fertiuers and 
pounds pounds 
SMR ace balua Soaks as GhS ss teases seup eae ees 222.6 333.9 
Oats lO years Utes eee S22.2 623.6 
Residual corn , 0 TOES ALLA 223.1 372.0 
PUREE iis iis cuss ouas suas clam wed ne deer wie 147.1 182.3 
TT un cam ssinsnseinsoneveanacese 51.0 69.2 
AUMMETY ARGO ERED SG 5G sions Svs ac nels « abbas eee s siotests * 105.8 155.5 
BURL ROE RO BORIB is ceissss ode cory eit aam bane ce bamauised 1,271.8 1,736.5 


It would be expected that with the heavier applications the loss into the-sub- 
soil and drainage waters would be greater. 


Dyer (4, p. 111-112) made a similar observation for he says: “The superabundance of 
phosphoric acid estimated to have been supplied in the dung for fifty years is less satisfac- 
torily accounted for than is the case with the phosphoric acid in the chemically manured 
plots.” He supposes this may be partly accounted for by an over-estimation, for a part of 
the time, of the proportion of phosphoric acid in the dung, and concludes: “But there ap- 
pears reason for supposing that there has been a greater descent into the subsoil in the case 
of the plot dunged for fifty years, than in the case of the chemically manured plots.” 


A comparison of this work with the nitrogen studies above referred to, 
shows that it is much easier to maintain and increase the phosphoric acid 
content of the soil than it is to maintain and increase the nitrogen content. 
The work brings to our attention the fact that where commercial fertilizers are 
used at the rate of a ton or more per acre, as is common in many trucking and 
potato sections, there is a piling up of phosphoric acid in the soil beyond crop 
requirement. 
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The question is at once raised as to whether this is necessary or not, and also 
as to whether there is any danger of increasing the phosphoric acid content of 
the soil to the point of injury. It is well known that soils may, under some 
conditions, contain soluble compounds of aluminum to such an extent as to 
render them toxic. In such cases heavy applications of soluble phosphates 
would precipitate the aluminum and render harmless the toxic substances. 
However, the same results could be accomplished, and at less expense, by the 
use of lime in some form, and the lime would at the same time serve the further 
purpose of making the soil better fit for the growing of clover and other 
legumes. 

As to the second point—the possible injury to crops from too great an 
accumulation of phosphoric acid in the soil—there is need of further 
investigation. 


Sherwin (15) has called attention to the depressing effect that acid phosphate without 
potash, had on corn grown on drained swamp land at Terra Ceia, North Carolina. He 
observed a greater discoloration of the nodal tissues of the stalk and a greater accumulation 
of iron where the phosphorus was used without kainit than where kainit or kainit and nitrate 
of soda were used with the phosphorus, and points out that the increase in yield was roughly 
in proportion to the depression of iron accumulation. Sherwin refers to a statement by 
Hoffer to the effect that the root rot (referring to the root rot of corn) is related to metal 
poisoning, and the greater the accumulation of iron within the tissues the greater the damage 
from root rot. He believes that potash enables the plant to withstand otherwise toxic 
amounts or compounds of iron: “Any treatment therefore,” he says, “which keeps the iron 
out may be expected to decrease root rot and increase the yield of corn. The observed 
facts are that the discoloration due to iron is less and the yield greater when kainit and nitrate 
of soda are used, and that the discoloration is greater and the yield less when acid phosphate 
is used.” Among other conclusions he finds that: “Acid phosphate retards the entrance 
of potash into the plant, hence aids in the accumulation of toxic iron.” 

This, however, is not in full agreement with conclusions reached by Hoffer and Carr (7) 
who state that “in all cases studied so far the application of available phosphates produced 
plants which were better and more resistant to the root rots.” 

In this connection Burgess and Pember (1, p. 38) say: “It thus appears that acid phos- 
phate renders soluble aluminum salts non-toxic largely by counteracting their evil effects 
within the plants themselves after they have been absorbed. Thus a very important func- 
tion of soluble phosphates when applied to acid soils may be in nullifying the effects of such 
toxic substances as dissolved aluminum, manganese and ferrous iron.” 

In a potato fertilizer experiment carried out on a loam soil at this station, in codperation 
with the Bureau of Plant Industry, United States Department of Agriculture, the five year aver- 
age yield of potatoes from eight plots that received nitrogen, or nitrogen and potash without 
phosphoric acid, or with phosphoric acid at the rate of only 45 pounds per acre, was 124.6 
bushels per acre as against 117.5 bushels for the five-year average of six plots which received 
nitrogen or nitrogen and potash, and phosphoric acid at the rate of 90, 135, and 180 pounds 
per acre. It would thus appear that the heavier applications of phosphoric acid depressed 
rather than increased the yield of potatoes. In this connection it may be explained that 
in the better potato sections it is customary to use phosphoric acid at the rate of 128 to 160 
pounds per acre every year. 

The advisability of such heavy applications annually may well be questioned when it is 
considered that potatoes require less of phosphoric acid than either nitrogen or potash, 
and that phosphoric acid is lost in the drainage waters in less amounts than either of the other 
elements. Under these conditions an accumulation of phosphoric acid in the soil is inevitable 
and this may finally reach a point where it becomes detrimental rather than beneficial. 
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TOTAL POTASH (K:O) IN SOILS AND CROPS 


Total potash was determined in samples of soil from twenty-one of the 
sixty cylinders, that is, in each of the three cylinders of seven different series. 
The results are reported in table 3. 

The determinations show a uniformity that indicates that the different 
treatments have not influenced the total potash content of the soil to a marked 
degree. This is well illustrated by comparing the figures for series 1 and 2. 
Series 1 has received no potash-containing fertilizer during the entire period, 
while series 2 has received muriate of potash at the rate of 320 pounds per acre 
every year or a total of 4000 pounds of actual potash (K.O) for the twenty-five 
years. The analyses, however, show the soils of the two series to contain 
practically equal amounts of potash. 

Series 12 receives manure at the rate of 16 tons per acre annually in addition 
to the 320 pounds of muriate of potash, and since 1 ton of manure will supply 


TABLE 3 
Potash (K20) in cylinder soils (sampled 1920) 


SERIES CYLINDER A CYLINDER B CYLINDER C 

per cent per cent per cent 

1 Re | 2.11 1.94 

2 1.93 2.42 1.96 

6 2.45 ye | 2.13 

8 2.20 1.76 221 

12 2.02 2.13 2.20 

17 24> 229 2.36 

20 2.07 1.99 2:13 
IG aie cts isso 2.13 eas 2.13 


about 10 pounds of potash the 16 tons would add an amount equal to the 
amount furnished by the 320 pounds of muriate of potash. Thus, for example, 
the cylinders of series 12 which receive both manure and muriate of potash, 
receive approximately twice as much potash as those of series 8 which receive 
the muriate of potash only. But the average percentage of potash in the soils 
of series 8 is practically the same as the average for series 12. 

The reason for the failure of the potash treatments to show important differ- 
ences in the potash content of the soil, even after a period of twenty-five years, 
must be found largely in the very great difference between the total amount of 
potash in the soil and the total amount applied. In other words, the total 
potash in the soil is so great, compared with the amount applied, that the latter 
has little influence on the percentage found in the soil. To further illustrate 
this point it may be pointed out that the original soil contained 2.63 per cent 
of total potash, equivalent to 52,600 pounds for the plowed acre. The amount 
applied during the twenty-five years—4000 pounds—even if added all at one 
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time would change the analysis by only a fraction of a per cent, a change 
which would perhaps come within the limit of error. 

But during the twenty-five years there have been losses which must be 
taken into consideration. The losses through the removal of crops can be 
calculated with some degree of accuracy, but the losses into the lower depths 
of the soil and through drainage waters can only be approximated. 

From the average weights of the crops removed and the average percentage 
of potash in the crops, previously reported, we may calculate the total amount 
of potash removed in this way. These figures are shown in table 4. 

We are at once struck with the large amount of potash removed in com- 
parison with the amount of phosphoric acid. In each case (single and double 
applications of potash) the amount of potash removed by the crops is nearly 
’ three times the amount of phosphoric thus removed. The average amount of 
potash removed annually by crops where mineral fertilizers only were used is 


TABLE 4 
Potash removed by the several crops for a period of twenty-five years 


K2O REMOVED PER ACRE 
CROP ? 2 With mi 1 
(ein oly | fertilizers and 

pounds pounds 

MSOIA OVERS ces enessausioocs usted tetows es etacever tens LOOT 1,584.0 
Oats lO vears| Teen ees 949.9 1,134.4 
a Al al artliasccling 875.5 1,457.2 
NGRMRRE dhs te Vette wy oped cect a. See laa OO 4 65.7 81.4 
aig cavolessslntscsiven tes, 150.6 204.4 
MUMS T, OW OV ERES So 5.5 oy. oa a ects Sea e we oie tia Sewers 211.2 | 310.3 
GERUIOR DOT VORISE GU. o 6 s xluc iy secede see lewanewe eee er| Spee 4.77237 


132.4 pounds per acre. This means nearly three-fourths of the amount applied, 
or to state it another way, 4000 pounds of potash (KO) were applied during 
the twenty-five years, and 3309 pounds were taken out through the crops 
removed. This leaves 691 pounds of the amount applied or an annual average 
of 27.6 pounds per acre which must be accounted for in the subsoil or lost in 
drainage waters. ae 

For the same period the crops taken from the cylinders that received the 
double application of potash (8000 pounds of KO for twenty-five years) 
removed 4772 pounds of potash or an average of 191 pounds per acre per 
annum. ‘Thus there is an unaccounted-for loss of applied potash amounting to 
3228 pounds or an average of 129 pounds per acre per year, as against 27.6 
pounds per acre where the single portion was used. That there were also heavy 
losses of the original soil potash is evident from the fact that the soils now con- 
tain less potash than when the experiment was started, although the crops 
have removed less than has been applied. : 
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The losses may be approximated as in the case of phosphoric acid. The 
figures may be summarized as follows: 


CYLINDERS CYLINDERS 
‘ RECEIVING RECEIVING 
SINGLE APPLI- DOUBLE APPLI- 
CATION OF CATION OF 
POTASH POTASH 
pounds per acre | pounds per acre 
Potash (K,O) originally present in soil....................0.. 52,600 52,600 
EUMMPMMIEMMR Ciney oho r reo ikaw chon a oltwis vice sabe ee 4,000 8,000 

SRY GNM orc ares ei een Gio vine eae pena uicae enna 56,600 60,600 

(b) Potash now present in soil (average)...................] 42,600 42,600 

Total potash lost and removed in crops (a — b)............ 14,000 18, 

Total potash removed in crops (cf. table 4)................. 3,309 4,772 
Potash apparently lost in subsoil or in drainage waters........ 10,691 13,228 
Average annual amount of potash removed by crops........ 132.4 190.9 
Average annual loss casos of potash in subsoil or rere 

drainage waters. . LORE Sra su hse eCewE soa eae EE ESS 427.6 529.1 


The averages representing the removal of potash by crops are larger than 
most authorities give for the crops in question. In explanation of this it must 
be remembered that on account of the special care given to the work the yields 
have been larger than are generally realized in general farm work. Also the 
potash applications have been heavier than those used in general farm prac- 
tice, and under such conditions there is a tendency for most crops to utilize 
more potash than is really required, that is, there is more or less “luxury” 
consumption. 

The apparent losses into the subsoil and through drainage waters are likewise 
large. This must be attributed in part to the heavy fertilization and in part 
to the fact that the subsoil is a coarse gravelly material which gives good 
drainage and therefore permits rather rapid loss of soluble substances. 

It is thus evident that potash is not as firmly held in the top portions of the 
soil as is phosphoric acid, and it follows that excessive applications cannot be 
made with the hope that the greater portion of the amount beyond the crop’s 
requirement, will be held in the cultivated portion of the land. Much of it, 
however, may be held in the lower portions of the soil. 

Attention may be called to the very high percentage of potash in the residual 
corn. As previously explained this crop follows the oats and is planted very 
thick and harvested as forage before it matures. It would thus appear that 
corn taken at this stage is much richer in potash than stalks harvested at 
maturity. Taking two crops in one season—oats and residual corn—makes an 
unusually heavy draught upon the potash of the soil, amounting to a yearly 
average for the ten combined crops, of 182.5 pounds per acre for the cylinders 
that receive the single application of potash, and 259.6 pounds per acre for 
those that receive the double application. 
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The main corn crop which received the double portion of potash has drawn 
more heavily on the potash of the soil than the oats and residual corn. The 
average yield of 450 gm. of dry matter per cylinder is equivalent to 14,400 
pounds per acre and with a potash content of 2.2 per cent, the crop would 
remove potash at the rate of 317 pounds per acre. This is far in excess of the 
usual potash application for corn or even for corn silage, but in a soil well 
supplied with potash, as this is, it should be practicable to draw somewhat 
upon the reserve supplies without permanent injury, inasmuch as the subsoil 
often contains more potash than the surface soil. 


In discussing the removal of plant food by crops at the Rothamsted Experimental Station, 
Hall (6) states that the average crop on the unmanured plot removes annually about 14 
pounds of potash per acre. The crops from plot 2 which receives farmyard manure at the 
rate of 14 tons per acre, remove 52 pounds of potash per acre. It is pointed out that analyses 
of the soil show that enormous reserves of plant food have been accumulated in the soil of 
this plot, the nitrogen and phosphoric acid both being about double that in the unmanured 
plot and the potash showing a very considerable increase. It should be remembered, how- 
ever, that Indian corn, which is a heavy potash feeder, was not one of the crops included in 
the Rothamsted experiment. 

Hall (6) further says: “Again, as regards the potash, the average removal from the un- 
manured plot under rotation is 13.2 pounds whereas the continuous wheat plot similarily 
unmanured loses 14.3 pounds and the continuous barley plot 11.6 pounds per acre per annum.” 
With reference to the removal of potash through crops in rotation, Hall finds that a rotation 
of swedes, barley, fallow or beans or clover, and wheat removes about 200 pounds or an aver- 
age of nearly 50 pounds per acre per annum. He assumes that 15 tons of manure which 
were applied for this rotation supplied 150 pounds of potash but even though the manure 
does not fully replace the potash removed by the crops of the rotation he thinks it would 
not be necessary to supply potash salts on a soil as high in potash as that of Rothamsted is. 

“The reserves of potash,” he says, “in such a strong soil are enormous—at least 50,000 
pounds per acre in the top 9 inches of soil, of which 12,000 pounds is soluble in hydrochloric 
acid—and a little of it becomes available every year under the action of the weathering 
induced by cultivation.” 

Dyer (4, p. 124) in discussing “Results of Investigations on the Rothamsted soils” sums 
up his discussion on potash as follows: 

“Tt has usually been considered that potash is pretty firmly retained in the surface soil 
on land containing a fair proportion of clay. That this is the case, as compared with sodium 
salts, has often been shown, and, apart from earlier investigation, was clearly brought out 
in the drainage water analyses of the late Dr. Voelcker, just referred to; but, as we have 
seen, even these analyses showed a considerable loss of potash in drainage in certain cases, 
and it is evident from the results of the analyses of the soils and subsoils that though, rela- 
tively to sodium salts, potassium salts’ readily become fixed in clay soils—often, probably, 
passing into a very stable insoluble form—they are nevertheless far more “migratory” than 
phosphoric acid.” 

Lyon and Bizzell (11, p. 55) have studied the removal of potash in drainage waters and 
crops from large tanks and have reported the loss through drainage and the removal of crops, 
from eight such tanks, the drainage results covéring a period of five years and the crop re- 
sults the first four of the five years. Averages for the eight tanks are as follows:? 


Pets ANvGPaMAge 5 ih5:026:5. 255525 dos ae Ss 52.9 pounds (43.9 pounds K) per acre 
POLAR AN: Craps tess 35, ais sivas ens J dace? aia 95.4 pounds (79.2 pounds K) per acre 
MBOUAL POUARON 65, sis seie'sio5 sierewienstoe co aivin 148.3 pounds (123.1 pounds K) per acre 


2 Tanks 4 and 8 omitted from average on account of incomplete results. 
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In discussing the effect of plant growth on the removal of potash they say: “Evidently 
native potassium is not sufficiently soluble in the soil water to supply the needs of the crops 
produced, as an average of only 61 pounds of potassium was leached annually from an acre 
of unplanted soil to offset the 79.2 pounds removed by the average crop from the same area, 
while there was an average of 367.4 pounds of calcium leached through each acre of unplanted 
soil and only 12.6 pounds removed in the average crop.” 

In a later bulletin, Lyon and Bizzell (12) report the average annual removal of potash 
from two planted tanks to be as follows: 


Potash in drainage water 88.2 pounds (73.2 pounds K) per acre 
Potash in crops 41.1 pounds (34.1 pounds K) per acre 
Total potash 129.3 pounds (107.3 pounds K) per acre 


Thus it will be observed that the total losses (drainage and crops) shown in their work, are 
not quite so great as the losses which we have charged against the applied potash. In addi- 
tion to this loss of applied potash our experiments have shown a serious depletion of the stock 
of original soil potash. 


TOTAL LIME (CaQ) IN THE SOILS 


Reference to the earlier reports on this work (10) will show that the soil of 
all the cylinders received the same lime treatment in the beginning. This 
treatment was not varied during the first ten years of the experiment. With 
the beginning of the third five-year period, lime was omitted from the A 
cylinders, but the B and C cylinders were limed at the rate of two tons of 
carbonate per acre. This treatment has been continued at intervals of five 


years to the present time. 

By analysis the original soil contained 0.807 per cent of total lime (CaQ). 
The samples collected in 1920 after twenty-three years of cropping and fertilizer 
treatment have now been analyzed with the results shown in table 5. 

The effect of the lime treatment on the lime content of the soil of the B and 
C cylinders for all series is very apparent, the average percentage in both 
cases being somewhat above the percentage in the original soil. On the other 
hand the average percentage of lime in the A cylinders is distinctly less than 
the percentage in the original soil. The lowest percentage (0.425) was found 
in 17 A where ammonium sulfate has been used continuously without lime, and 
the highest percentage (0.959) in cylinders 6, 13 and 14 C, where manure and 
minerals in the one case and manure, minerals and nitrate of soda in the other 
two have been used continuously. 

The difference between the lowest and the highest percentage is equivalent 
to about 5 tons of lime per acre. In terms of crops produced, it is a difference 
between heavy yields and no crops, the soil of 17 A having become so toxic 
as to practically inhibit growth. 

It may here be pointed out that the soil represented by this cylinder appears 
to have lost lime at the rate of approximately 7600 pounds, on the basis of the 
plowed acre, during the twenty-three-year period,* or an average annual loss 
of over 300 pounds per acre in addition to that which was supplied in the acid 


$ Lime determinations were made on the 1920 samples. 
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phosphate used at the rate of 640 pounds per acre. If the lime content in this 
be put at 100 pounds per acre, the total loss is brought to well over 400 pounds 
of lime (CaO) per acre, equivalent to approximately 800 pounds of calcium 
carbonate. A part of this loss, of course, must be accounted for by the crops 
that have been removed. 


TABLE 5 


Per cent lime (CaO) in cylinder soils (sampled 1920) 


SERIES SPECIAL TREATMENT mre — cane 


per cent per cent per cent 


Check. . Ps a rae ee ORES F 0.932 
neil: hve EAM ae CONES , 0.822 
Miheenide, © manure, alta, fem. 0.713 } 0.932 
Minerals, manure, solid and liquid, fresh 0.575 : 0.877 
Minerals, manure, solid, leached..............| 0.740 F 0.932 
Minerals, manure, solid and liquid, leached....| 0.575 ‘ 0.959 
Minerals, nitrate of soda, 5 gm...............] 0.575 : 0.850 
Minerals, nitrate of soda, 10 gm 0.575 0.794 
Minerals, manure, solid, fresh; nitrate,5gm....} 0.658 ). 0.932 
Minerals, manure, solid, fresh; nitrate, 10gm....| 0.658 : 0.850 
Minerals, manure, solid and liquid fresh; nitrate 


RK OUOONT A NO PW ND = 


a4 


0.904 
Minerals, manure, solid and liquid, fresh; ni- 
trate, 10 gm.. Pa ; : 194 0.822 
Minerals, manure, 6 sold, Seachied nitrate; Sem. ib ; 0.959 
Minerals, manure, solid, leached; nitrate, 10 gm. , : 0.959 
Minerals, manure, solid and liquid, leached; ni- 
trate, 5 gm... n : ; : 0.877 
Minerals, manure, 2, solid onli digu, ‘Pesichiedly ni- 
trate, 10 gm.. es : : ; 0.932 
Minerals, vallane ofa ammonia, equivalent t to 10 
gm. nitrate.. Bans : : : 0.767 
Minerals, pase biead, snaeilenls * 10 gm. 
nitrate. . eiyes : : ; 0.932 
hited: a manure, old. feached; idthihe yee am- 
monia as in 17.. Barbe). Se : rs : 0.918 
Minerals, manure, ers beiichell; ‘ded blood 
as in 18 . } 0.891 


AMD sis Sea shes arse ava e age Aooe SE as eet : : 0.892 


It is of interest to compare the figures for series 17 with those for series 19. 
The latter it will be noted received the same amount of sulfate of ammonia as - 
the former, but the loss of lime has been much less than the loss from series 17. 
It would appear therefore that the manure in some way tends to overcome the 
toxic influence of sulfate of ammonia when lime is lacking, and also tends to 
check the loss of lime. 
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This, in a general way, confirms our results from field experiments where 
ammonium sulfate has been used continuously without lime, and also the 
results reported from Rothamsted and elsewhere. 


In this connection Hall (6, p. 238-239) has this to say: “Where ammonium salts like the 
sulfate and chloride are applied as a manure the soil suffers a great loss of calcium carbonate, 
the calcium being removed in the drainage water combined with the sulfuric or hydrochloric 
acid of the manure. This reaction is the necessary precedent to the arrest of the ammonia 
in the soil and its subsequent nitrification. In the absence of a sufficiency of calcium car- 
bonate in the soil to bring about this reaction, ammonium salts become injurious to plant 
life. 

“Since the healthy condition of the soil depends on a due proportion of calcium carbonate 
being present, those losses caused by the use of natural and artificial manures are of the 
greatest importance; many of our fertile soils may easily lose much of their power of pro- 
ducing unless their proportion of calcium carbonate is restored by judicial liming at intervals. 

“Determinations of the calcium carbonate in samples of soil taken at various intervals 
between 1865 and 1904 indicate that on the manured plots the normal loss of calcium car- 
bonate in the drainage water amounts to about 1000 pounds per acre. When ammonium 
salts are used as a manure the loss is increased by the amount required to combine with the 
combined acid in the manure.” 

On the same point Warington (17, p. 100) says: “The loss of calcium carbonate which a 
soil suffers when continuously manured with ammonium salts is a point which should always 
be borne in mind. It has been found necessary at Rothamsted to apply a heavy dressing 
of chalk or lime to those plots in the grass experiment which has long received ammonium 
salts.” 

Russell (14) in discussing the amount of calcium carbonate lost from the soil says: ‘Cal- 
cium carbonate is not a permanent constituent of the soil, but changes into the soluble 
bicarbonate and washes out into the drainage water; the average loss per acre per annum 
throughout England and Wales has been estimated at 500 pounds, and at Rothamsted on 
the arable land at 800 to 1000 pounds. The rate of loss is influenced by the treatment, be- 
ing increased by the use of ammonium sulfate and decreased by dung and by a growing crop; 
it is much less on pasture than on arable land.” 


Cylinders 1 A and 2 A show the same amount of loss, the percentage in 1920 
being 0.493 as against 0.807 in 1898. But 1 A has received no lime, fertilizer, 
or manure since the first application of lime to all cylinders when the work was 
started, whereas 2 A has received acid phosphate at the rate of 640 pounds per 
acre every year, or nearly 15,000 pounds up to and including the 1920 applica- 
tion, and muriate of potash at the rate of 320 pounds per acre, or a little over 
7000 pounds for the twenty-three years. 

Thus through the acid phosphate used, a considereble quantity of lime has 
been added to the soil but not nearly enough to offset the losses. In this con- 
nection it is significant that there is less lime in the soil of 2 B and 2 C than in 
that of 1 B and 1 C, notwithstanding the fact that the former have received 
acid phosphate while the latter have received no fertilizer. The explanation 
probably lies in the fact that the cylinders of series 2 have received muriate of 
potash along with the acid phosphate. The potash of the muriate would have 
a tendency to replace the lime which would go out in the drainage waters as 
calcium chloride. A part of the loss from series 2 can be accounted for in the 
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larger crops produced by these cylinders. It would thus appear that the 
absence of a heavy crop and the consequent loss through leaching constitutes 
a greater drain upon the supply of lime in the soil than the removal of lime in 
the crops. This is in accord with Russel’s statement (14, p. 181) when he 
says: “The exhaustion of the soil is, therefore, not due to the removal of the 
crop but to cultivation.” 

With few exceptions, the B and C cylinders which have received both acid 
phosphate and manure contain a higher percentage of lime than those that have 
received only the acid phosphate. This is illustrated by comparing the figures 
for series 9 and 10 with those for 7 and 8 and series 2 with those for series 3. 

Where the loss of lime has occurred it has come about through its removal in 
crops or in drainage waters, since the cylinders do not permit of surface 
washing. 


TOTAL MAGNESIA (MgO) AND MANGANESE (Mn;0,) IN THE SOILS 


Magnesia and manganese have been determined in the three soils of series 
2, 6, 8, 12, 17 and 20, these being considered fairly representative of the entire 
lot. The results are shown in table 6. 

TABLE 6 
Magnesium and manganese in cylinder soils 


CYLINDER A CYLINDER B CYLINDER C 


MgO Mn, MgO Mn:04 MgO Mn;0, 


per cent per cent per cent per cent per cent per cent 
1.46 0.265 1 0.219 0.274 

ae 0.256 1 0.256 ; 0.247 

.60 0.256 1a 0.312 : 0.274 
on 0.237 je 0.265 : 0.126 
47 0.312 1 0.312 F 0.256 
42 0.330 1 0.107 : 0.274 


Average....| 1.50 0.276 1. 0.245 | 0.242 


M agnesia (MgO) 


The original soil contained 2,24 per cent magnesia whereas the present 
average is about 1.5 per cent. During the twenty-five year period no mag- 
nesium compounds have been applied to the soil except such as may have been 
contained in the manure used and a small amount occurring as an impurity, in 
the calcium limestone applied to B and Ccylinders. Judgingfrom the analyses 
neither the manure nor the lime contributed very much magnesia, since the 
magnesium content of the soil is about the same where lime and manure were 
used as where they were omitted. 

The loss of magnesia in terms of per cent does not seem great but calculated 
on the basis of the plowed acre it amounts to approximately seven tons for the 
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entire period, or an annual average of between 500 to 600 pounds per acre. 
This would appear to be a much greater loss than was found by Lyon and 
Bizzell (12, p. 50) who computed the loss of magnesia through drainage water, 
and in crops taken from tanks with perfect drainage conditions. In most cases 
they found the loss to be less than 100 pounds of magnesia per acre annually. 
It must be pointed out, however, that their soil contained only about one-third 
of one per cent of magnesia whereas the soil under observation contained 
originally more than two per cent. Furthermore, the cropping system em- 
ployed on this soil has been very heavy, two crops being grown during two of 
the five years of each rotation period. 

McIntire and his associates (13) working with a loam soil in tanks having 
perfect drainage conditions found losses of magnesia equivalent to 100 to 200 
pounds calcium carbonate per acre annually where no magnesium compounds 
were applied; where magnesia was applied in amounts equivalent to 3750 
pounds calcium carbonate per acre, the loss in one case was equivalent to more 
than 1000 pounds of calcium carbonate per acre. 

Collison (3) also worked with soil in tanks with perfect drainage conditions 
and found losses of magnesia in drainage waters amounting to approximately 
200 pounds per acre in eight months time. In this case the soil was Norfolk 
sand and naturally very deficient in basic materials. 

From these experiments it must be evident that with long continued culti- 
vation and cropping, soils that naturally contain a small percentage of mag- 
nesia, will finally become very thoroughly depleted of their stock of this 
element. It is indeed conceivable that, in some cases, the supply may become 
so low as to actually limit crop production. 

It may be pointed out that the soil used in this experiment now has a lime 
magnesia ratio of approximately 1:2. 


Manganese (Mn304) 


The percentage of manganese in the soil is low and varies within rather 
narrow limits amounting to about 0.25 per cent to 0.3 per cent. It probably 
exists largely in the silicate form and it is doubtful if it has any particular 
significance in connection with crop yields. 


SOIL REACTION 


Definite changes have been brought about in the soil reaction by the lime 
and fertilizer treatments. Determinations of the lime requirement by the 
Veitch method, and hydrogen-ion determinations by the colorimetric method 
have been made on the samples taken in 1920. The results of these deter- 
minations are reported in table 7. 

By both tests the soils of all the A cylinders are acid. For the majority the 
requirement varies from 1400 to 2000 pounds of lime (CaO) per acre. It may 
be pointed out that cylinders 17 A and 19 A, where ammonium sulfate has been 


we 
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used continuously, are the most acid. Both of these show a lime requirement 
of 2800 pounds per acre. But they differ decidedly in the matter of crop yields. 
The soil of 17 A is in such bad condition that practically no crops are produced, 
while 19 A which receives manure in addition to the ammonium sulfate pro- 
duces each year a fair crop. It is quite evident, therefore, that the manure 
applied to 19 A counteracts to some degree the toxic condition resulting from 
the continued use of ammonium sulfate without lime or manure. 

In view of the fact that acid phosphate has sometimes been given credit for 
increasing the acidity of the soil, it is of interest to call attention to the fact 


TABLE 7 
Lime requirement (CaO by Veitch method) and pH values on cylinders soils collected in the fall of 
' 1920 
A—UNLIMED B—LIMED C—LIMED 
SERIES : : : apa 
sddedienesain PH value viel pH value Oe pH value 
1 1,400 6.2 0 7.3 0 6.9 
2 1,600 6.2 0 7.0 0 6.9 
3 1,600 oer 0 6.8 0 6.8 
+ 2,000 55 0 6.8 0 6.7 
3 1,800 SACL 0 6.8 0 6.8 
6 1,800 S27 0 6.9 0 6.8 
7 1,600 6.0 0 7.0 0 6.9 
8 1,400 6.1 0 7.0 0 6.8 
9 1,400 5.8 0 6.9 0 6.8 
10 1,600 5.8 0 6.9 0 6.7 
i1 . 2,000 Soo 0 6.9 0 6.8 
12 2,000 ae 0 6.8 ‘0 6.8 
13 1,800 5.8 0 6.8 0 6.8 
14 1,800 6.0 0 6.8 0 6.9 
15 1,600 5.8 0 6.7 0 6.8 
16 1,600 6.0 0 6.8 0 6.9 
iy 2,800 4.9 0 6.7 200 6.5 
18 1,800 5.4 0 6.8 0 6.7 
19 2,800 nee | 500 6.6 500 6.7 
20 2,000 5.4 0 6.7 0 | 6.7 


that the soil of cylinder 1 A, which has received no fertilizer of any kind during 
the entire period, has the same pH value and essentially the same lime re- 
quirement as that of 2 A which has received acid phosphate at the rate of 640 
pounds per acre annually or nearly 15,000 pounds during the twenty-three 
years. 

Surely if acid phosphate increases acidity its effect should have been shown 
in the soil of cylinder 2 A in this time. 

With one exception, cylinder 19 B, the B cylinders show no lime requirement, 
and nearly all of them are very close to the neutral point as shown by the colori- 
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metric method for hydrogen-ion concentration, the pH values nearly all 
ranging between 6.8 and 7.0. With two exceptions, 17 C and 19 C, the C 
cylinders show no lime requirement and nearly all show pH values ranging 
from 6.7 to 6.9. 

From these results it is quite evident that two tons of ground limestone 
applied once every five years has been quite sufficient to keep the soil near the 
neutral point. There is no indication that this amount is excessive. 


SUMMARY 


Cylinder soils which have been heavily fertilizer and cropped under con- 
trolled conditions for a period of twenty-five years, have on analysis, shown 
a gain in total phosphoric acid content. 

During this period more phosphoric acid was applied to the soil than was 
removed by the crops. 

The soil which has received phosphoric acid at the rate of 100 pounds per 
acre shows but little actual loss of this constituent; that is, the amount now 
present as shown by analysis plus the amount removed by the crops of the 
twenty-five-year period, is almost equal to the amount originally present plus 
the amount that has been added in the fertilizer for the period. The apparent 
actual loss thus noted amounts to about 13 pounds of phosphoric acid per acre 
annually. Undoubtedly a part of this has been retained by the subsoil. 

Where phosphoric acid was used at the rate of 200 pounds per acre the appar- 
ent loss was more than three times as much as the loss when the single portion 
(100 pounds per acre) was used. 

Larger crops were obtained with the double than with the single portion of 
phosphoric acid, but the yield was not increased in direct proportion to the 
increase in fertilizer. Where the single portion of phosphoric acid was used 
the average amount of phosphoric acid withdrawn annually by the crops 
amounted to 51 pounds per acre and where the double portion was used the 
average amount thus removed was about 70 pounds per acre. 

The five corn crops (forage) gave an average annual return of phosphoric 
acid equal to 66.8 pounds per acre. 

The work indicates that with average fertilizer treatment very little phos- 
phoric acid is actually lost in the drainage waters; the heavier the application, 
however, the greater the loss. - 

It is suggested that in the case of some crops where heavy applications of 
acid phosphate are made annually the accumulation of phosphoric acid in the 
soil may finally have a detrimental effect. 

Determinations of potash in the soil from a number of the cylinders show a 
loss of this constituent, although potash has been used each year in amounts 
considerably above the general average for the crops used in this experiment. 

Analysis shows that the soil which originally contained about 2.6 per cent 
potash now contains, on an average, a little more than 2 per cent of potash. 
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The total amount of potash applied during the twenty-five years was so 
small, in comparison with the total amount originally present, that this has 
apparently had little to do with changing the potash content of the soil. 
Evidently the greatest change has come about through the removal of potash 
in the crops and in drainage waters. 

From those cylinders that received the single portion of potash the crops 
have removed potash at the average rate of 132.4 pounds per acre annually, 
and from those that received the double portion they have removed an annual 
average of 191 pounds per acre. 

The corn crop has been the heaviest user of potash averaging over 200 pounds 
per acre annually where the single application of potash was made and over 
300 pounds per acre where the double application was made. The oats and 
residual corn follow next in order. 

Under heavy fertilization general farm crops remove large amounts of potash. 
Under such conditions the loss of potash through drainage waters is also large. 

The soil from all the cylinders which have not been limed shows a lower 
percentage of lime (CaO) than the original soil. 

With five exceptions all the cylinders that have been limed (B and C cylin- 
ders) show a higher percentage of lime than was contained in the original soil. 
The greatest loss of lime is noted from cylinder 17 A where ammonium sulfate 
has been used continuously without lime or manure. 

Of the five limed cylinders which show some loss, or have remained constant 
in lime content, cylinder 17 B (ammonium sulfate treatment without manure) 
shows the greatest loss. 

Of the limed cylinders, 2 B and 2 C (acid phosphate and muriate of potash 
without nitrogen) show a lower lime content than 1 B and 1 C which received 
no mineral fertilizers. 

Magnesia was determined in certain of the soils although this element was 
not applied as a fertilizer. Small amounts were introduced, however, through 
the manure and as an impurity in the calcium limestone. The soil originally 
contained 2.24 per cent of magnesia (MgO) but now contains only about 1.5 
per cent of this constituent. 

Some very definite changes have been — about in the soil reaction by 
the lime and fertilizer treatment. 

The soil of all the unlimed cylinders is now acid, the lime requirement 
varying from 1400 to 2800 pounds per acre and the pH value varying between 
4.9 and 6.2. 

With slight exceptions the soils of the limed cylinders have no lime require- 
ment and show pH values varying from 6.5 to 7.3. 

In the unlimed group, cylinder 17 A shews the highest lime requirement. 
The soil of this cylinder has become so toxic that no field crop will grow to 
maturity. There is nothing in this work to indicate that the continued use of 
acid phosphate causes the soil to become more acid. 
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INTRODUCTION 


Aeration of soils is considered as one of the essential factors of plant growth. 
It is well known that for a healthy development and normal functioning, the 
roots of plants require the presence of free oxygen. It is also well recognized 
that carbon dioxide which has its main seat of formation in the soil in strong 
concentrations may be poisonous or may form an unfavorable environment 
for the best development of the roots of plants. Furthermore, there are various 
other biological and chemical processes going on in the soil such as the respir- 
ation of lower organisms, decay and oxidation of organic and inorganic material, 
nitrification, etc., which must have access to free oxygen for their proper func- 
tioning. In the process of aeration, therefore, oxygen is supplied to the soil 
which goes to satisfy these various demands. 

There are five distinct factors which influence, to a greater or less degree, the 
process of aeration of soils—diffusion, temperature, rainfall, wind, and afmos- 
pheric pressure. Our present knowledge concerning the relative importance 
of these various factors on soil aeration is based almost entirely on theoretical 
and a priori considerations and very little on experimental facts. The 
present general opinion seems to be that spil aeration is dependent almost 
entirely on the factor of diffusion and that the other factors play no or only a 
slight part in the process. 

In conducting various studies on soil temperature, the effect of temperature 
on soil aeration has been investigated. It was found that temperature changes 
had a very large influence on soil aeration. This influence is due not only to 
expansion and contraction of gases but also to the absorption of gases by the 
soil at different temperatures, and to the aqueous vapor. 

From the work on soil temperature and from certain soil observations we: 
have come to feel that atmospheric pressure must play a larger influence on 
soil aeration than is commonly attributed to it. In order to ascertain definitely, 
however, whether or not such was the case, and if so to what extent, it was 
decided to subject the problem to an investigation. The investigation was 
greatly facilitated by using barographs in the soil, at different depths, to study 
the influence of barometric pressure upon soil aeration. The results show that 
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atmospheric pressure changes must have considerable influence on the aeration 
of soils. It is the purpose of this paper, therefore, to present the experimental 
data obtained together with the conclusions to which they lead. 


MODE OF PROCEDURE 


The barographs used in studying the influence of barometric pressure on 
soil aeration were the same as those used for recording the atmospheric pres- 
sure. They were of the latest type and proved to be very accurate and very 
satisfactory. The method of procedure consisted of digging a hole about 
10 feet deep, and about 3 feet square. On one side of the hole at various 
depths there were excavated small caves in which the barographs were placed. 
For protection against injury and from rainfall, the barographs were rested 
on a metal plate and covered above with a metal box. After they were in 
place, the main hole was filled again. In order that the atmospheric pressure 
might not reach the barographs through the disturbed soil, every layer of soil 
of about 3 inches was vigorously compacted by means of a cement tamper. 
In some instances water was added to help make the layer more impervious 
to the penetration of air. It is believed that the disturbed material in the 
heavier type of soil was by this form of compaction made absolutely imper- 
vious to the penetration of air and that the atmospheric pressure could not 
reach the barographs through this compacted column of soil. 

Five different types of soil were used in the investigation—sand, sandy 
loam, loam, clay loam and clay, situated in different localities. In some of 
these soils barographs were placed at the same time at three different depths: 
2 feet, 6 feet and 10 feet. In other cases they were placed at 2 and 10 feet only. 
For an accurate and dependable comparison between the atmospheric pres- 
sure and that in the soil at the various depths, the atmospheric pressure was 
recorded by a similar barograph placed right on the surface of the soil and right 
above the buried barographs. All the barographs were standardized and set 
for the same time. They were allowed to run for a week, and those in the soil 
had to be unburied. 


EXPERIMENTAL 


In figures 1 to 5 inclusive are presented photographs of the actual and 
original charts as recorded by the barographs for the soils and for the air. 
They reveal at once two outstanding and very interesting facts. First, atmos- 
pheric pressure changes take place in the soil as well as in the air. Second, 
the magnitude of these changes and the time in which they occur are exactly 
the same in the soil as in the air. The charts show that in all soils, and in all 
depths—even down to 10 feet—atmospheric pressure changes occurred and 
that these atmospheric pressure changes are exactly the same in every respect 
as those in the air. This latter fact is rather remarkable not only per se but 
also because it is just the opposite from what might have been expected. 
Buckingham, (2) for instance, says: 
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In reality the barometric changes have a finite speed and the soil offers some resistance to 
the passage of air through it; hence the pressure at any point in the soil will vary less than the 
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outside pressure, and the amplitude of the variation will decrease as we go deeper down 
into the soil. Furthermore, there will be a certain amount of time lag, by which we mean 
that the variations of pressure at any point in the soil wil! not be simultaneously with the 
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variations of the outside pressure, but will lag somewhat behind them. For these reasons 
the depths of penetration and amounts of rinsing which we might compute by the method 


just described are only limiting maximum values which are never quite reached. 
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From these and similar considerations Buckingham comes to the following 
conclusions as to the effect of barometric pressure or soil aeration. 


Hence our ideal case of the inflow and outflow of the outside air with a sharp dividing 
surface between outside and soil air is a pure fiction. It does not correspond to the truth at 
all, and the rinsing which in the ideal-case would be perfect once in each barometric oscilla- 
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tion down to the extreme depth of penetration of the wave is altogether unsignificant, though, 
of course, something of the sort does exist. 


The experimental results obtained in this investigation do not seem to 
support the above statements and conclusions. On the contrary they seem 
to point strongly to the conclusion that atmospheric pressure changes must 
have an appreciable influence on soil aeration. Such a conclusion would seem 
reasonable and logical from the following facts. In the first place, since the 
barometric pressure in the soil is exactly the same as that in the air and that 
the variations that take place in the air occur also simultaneously in the soil, 
even to great depths, it would seem that the air can enter and leave the soil 
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with perfect freedom, and that it encounters no resistance in its free passage. 
In the second place, since the compressibility of air (gas) varies inversely as 
the pressure which it bears, it logically follows that as the barometric pressure 
of the atmosphere goes up the volume of the air already in the soil is diminished 
proportionally and more air is forced or compressed into the soil. Conversely, 
as the barometric pressure goes down the compression is released the volume 
increases and air goes out of the soil. By means of this change of barometric 
pressure the soil is aerated. Now the amount of aeration that the soil will 
receive in this way will depend first upon the extent of change of the baro- 
metric pressure, second upon the frequency of this change, and third upon 
the depth of soil filled with air. By referring to figures 1 to 6 inclusive, 
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the last showing the daily range of variation of the barometric pressure for 
the year 1923, an idea as to the magnitude of oscillation may be obtained. 
It will be readily seen that this factor varies considerably with the 
season. It is greatest in the fall, winter and spring months and lowest in the 
summer months. In the fall, winter and spring months it may be as great as 
1 inch on some days and as low as 0.05 inch on others. But it is usually quite 
large during the colder seasons of the year. During the summer months, 
however, it is generally not very high. It may be as high as 0.5 inch on some 
days and as low as 0.02 inch on others, but usually it ranges around 0.10 
and 0.20 inch. , 

From these data on the seasonal fluctuation of the barometric pressure 
it is evident that the soil receives its greatest aeration from this source during 
the colder seasons of the year, and the least during the warmer part of the 
year. This order would seem rather unfortunate, for the plants and the lower 
organisms perform their greatest activities during the warmer season and that 
is when the aeration is most needed. It must be remembered, however, that 
the foregoing daily fluctuations of barometric pressure refer to the latitude 
of the stations at which they were recorded. It is known that the daily ampli- 
tude varies considerably with the latitude, its greatest values being found 
in the equatorial regions, while the amount grows steadily less with the higher 
latitudes. An idea as to the difference of daily fluctuation of the barometric 
pressure at different latitudes may be obtained from the chart shown in figure 7 
prepared by O. Farsig of United States Weather Bureau. It is evident from 
this chart that in the latitude of Mexico City the amplitude is comparatively 
large while that in Sitka, Alaska, it is very small. In the latitudes of South 
America the amplitude must be very large. The barometric pressure, there- 
fore, must play a greater réle in the aeration of soils in the southern than in 
the northern latitudes in both the warm and the cold parts of the year. 

Long-time records show the following general characteristics as to the fre- 
quency of the daily variations of barometric pressure. The general tendency 
is for two maximum and two minimum pressures to occur every 24 hours. 
The chief maximum usually occurs at about 10 a.m., the chief minimum at 
4 p.m., a secondary maximum at 10 p.m., and a secondary minimum at 4 a.m. 
The pressure is thus subject to a double oscillation in the course of a day. 
Whenever other meteorological elements do not interfere, these double maxi- 
mum and minimum pressures will occur regularly in the course of the’ day. 
Hence, the soil may undergo two cycles of aeration each day. 

It will now be of much interest and importance to ascertain the depth to 
which air will enter the soil when the barometric pressure rises to various 
degrees, and thus determine the depth of the soil directly aerated by the baro- 
metric pressure changes. Since the compressibility of the air is inversely pro- 
portional to the pressure, the depth of penetration for any degree of baro- 
metric rise will be proportional to the depth of the soil which is porous enough 
to allow free communication with the outside barometric pressure and is filled 
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with air. Normal soils should be porous or allow free communication of air 
to the water-table or to the zone of water saturation. A soil should be pervious 
to air that allows water to percolate and should be pervious to the depth that 
the water percolates, which is the water-table, or to some other impervious 
stratum. The depth of the water-table or impervious stratum must vary from 
a few inches to several hundred feet according to climate, topography and 
geology. If we assume that the impervious stratum is 100 feet and that the 
barometric pressure rises from 28.5 to 29.5 inches the degree to which air 
will be driven into the soil is 40.56 inches. This figure is obtained by multi- 
plying the fractional rise of barometric pressure by the depth of the porous 


1 : 
soil thus: --~ x 100 = 3.39 feet, or 40.56 inches. In table 1 are shown the 


29.5 
TABLE 1 
Depth of penetration of air into the soil as the barometric pressure and depth of soil vary 
DEPTH OF PENETRATION WHERE DEPTH OF SOIL IS 

FRACTIONAL 

AMPLITUDE 
10 feet 25 feet 50 feet 100 feet 
inch inches inches inches inches 
eg | 0.4056 1.016 2.028 4.056 
0.2 0.8112 2.232 4.056 8.112 
0.3 1.2168 3.048 6.084 12.168 
0.4 1.6224 4.064 8.112 16.224 
0.5 2.0280 5.080 10.140 20.280 
0.6 2.4336 6.096 12.168 24.336 
0.7 2.8392 7.112 14.196 28 .392 
0.8 3.2448 8.128 16.224 32.448 
0.9 3.6494 9.144 18.252 36.504 
1.0 4.056 10.16 20.28 40.56 


computed results on barometric wave penetration as the depth of the imper- 
vious stratum and the barometric pressure vary. A barometric pressure of 
29.5 was taken as the standard in these calculations. 

From these calculations it is seen that the depth of penetration of air into 
the soil varies from the extreme low of 0.4056 inch where the depth of the im- 
pervious stratum is only 10 feet and the barometric pressure rise 0.1 inch, 
to the extreme high of 40.56 inches where the depth of the impervious stratum 
is 100 feet and the barometric pressure rise 1 inch. The maximum extreme 
is doubtless exceeded in many regions of the earth where the daily fluctuations - 
of the barometric pressure are more than an inch in certain seasons of the year. 
In the latitude of East Lansing, Michigan, the maximum daily fluctuation for 
1923 was 0.88 inch in November and 1.05 inches in December, while the 
maximum monthly range was 1.52 inches in March. In the torrid zones and 
in some other regions the daily fluctuation may be considerably greater. 
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It is apparent, therefore, that when the amplitude of barometric pressure 
is high and the depth of the impervious stratum large the depth to which air 
will enter the soil is correspondingly very large. Conversely, when the magni- 
tude of these two factors is low, the depth of penetration is correspondingly 
small. But for the average depth of soil and barometric pressure fluctuation 
the depth of penetration or aeration is quite appreciable and important. In 
the southern latitudes where the daily barometric fluctuations is very high, 
the depth of the air penetration must be very large. 

It seems doubtful, however, if the full effects of barometric pressure changes 
on soil aeration are revealed by these calculated data on air-wave penetration. 
In the first place, the soil air close to the surface in composition is very much 
like the atmospheric air. When this upper soil air is pushed down by the rise 
of barometric pressure it brings about the same kind of aeration as the atmos- 
pheric air. The depth of the soil which receives this aeration is, therefore, 
greater than is shown in the calculation. In the second place, unevenness in 
topography, porosity, depth of impervious layer, etc., must cause considerable 
mixing up between the new and the old air. Finally, diffusion also must be 
considerably facilitated at the lower depths as newer air is driven down. All 
these and other benefits, therefore, are not revealed by the above calculation 
of air penetration or soil aeration. Hence, barometric pressure plays a much 
greater réle on soil aeration than is commonly attributed to it. 

Referring once more to the barographic charts, it becomes evident that 
since the barometric pressure is the same in the soil—even down to the depth 
of 10 feet—as that outside, the air enters and leaves the soil with perfect and 
instantaneous freedom. Such being the case, then, the current notion or prac- 
tice of cultivating the surface soil in order to facilitate aeration, does not 
appear to have much foundation. 


SUMMARY 


In this paper are presented the results of an investigation on the aeration 
of soils as influenced by barometric pressure. The problem was studied by 
burying barographs in the soil and recording the march of the barometric pres- 
sure and comparing it with that in the air. It was found that the barometric 
pressure of the soil down to the depth of 10 feet was exactly the same as that 
in the air. Since this was true in all types of soil investigated including the 
heaviest clays, it seems reasonable to infer that the soil air has a free com- 
munication with the outside air down to the impervious stratum or water- 
table. Calculations show that when the amplitude of the barometric pressure 
is high and the depth of the impervious stratum large the amount of aeration 
or the depth to which new air will enter the soil, is correspondingly large. 
When these factors, however, are small in magnitude, the degree of penetration 
of air also is small. It seems, however, that barometric pressure has greater 
influence on soil aeration than is revealed by these calculations. But even 
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according to calculations the amount of aeration is quite appreciable and 
important for the average fluctuation and depth of impervious stratum. 
When the entire earth is taken into consideration the effect of barometric 
pressure on soil aeration is very large in some regions, especially in the torrid 
zones. From all evidences, it appears, therefore, that barometric pressure 
plays a greater réle in soil aeration than is commonly attributed to it. 
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Under one designation or another differences in soil reaction have been 
long recognized and acted upon in practical agriculture. Fortunately in lieu 
of the somewhat vague and indefinite terms formerly used in discussions of 
this chemical characteristic of soils, there is at present wide acceptance among 
soil investigators of the physical-chemical conception of acidity and alkalin- 
ity. Soils are acid, alkaline, or neutral, when in their respective soil solutions 
there is a concentration of hydrogen ions greater than, Jess than, or equal to 
the concentration of hydroxy] ions. 

Reports resulting from systematically undertaken field observations on the 
part of Wherry (19), Kelley (14), Olsen (15) and others, emphasize hydrogen- 
ion concentration of the soil solution as one very potent factor among those 
which determine the distribution of natural plant species. Likewise research 
in the field of plant nutrition by Hoagland (11), Joffe (12), Fred and Daven- 
port (6), Bryan (3, 4, 5) and others, affords very fundamental reasons for 
differences of procedure that prevail in soil management and crop production 
in everyday farm practice. A fair conclusion from researches in this field at 
present is that some crops are most exacting, others less so, in the matter of 
intensity of reaction in soil solutions from which they obtain elements of 
nutrition. Their requirements in this particular must be met in the interests 
of maximum production. 

Within certain limits of hydrogen-ion concentration, a wide range of exten- 
sively used cultivated crops is annually produced the world over. In soils 
whose hydrogen-ion concentration lies beyond either limit it becomes increas- 
ingly difficult to grow the generally recognized useful crops. ‘There is expended 
annually in various parts of the United States alone an enormous amount of 
capital and energy in maintaining in cultivated soils a desirable intensity of 
reaction for this or that crop and in attempts to change the intensity of reac- 
tion in waste lands to such an extent that they, too, may become pfofitably 
productive. In practical agriculture it is highly important for one to know 
within limits the intensity of reaction of that soil in which he is financially 
or otherwise interested. 
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OBJECTIVES IN HYDROGEN-ION DETERMINATIONS 


In comparison with some other determinations that are commonly involved 
in soil investigations the number of hydrogen-ion determinations is not large. 
From available records of those in print it appears that they have been under- 
taken with one or more of five objectives: (a) To ascertain merely if one 
might properly speak of soils as having a hydrogen-ion concentration. As 
already intimated that inquiry has been answered decisively in the affirmative. 
(b) To ascertain within what limits of hydrogen-ion concentration extensive 
areas of cultivated soils might fall. Thus Sharp and Hoagland (18) report 
for California soils a hydrogen-ion concentration, expressed in pH values, 
ranging between 3.7 and 9.7; Plummer (16), for North Carolina soils, reports 
the extreme limits pH 4.04 and pH 9.68; and Olsen (15) for Danish soils, pH 
values between 3.4 and 8.0. (c) To note any correlation that might prevail 
between the soil’s hydrogen-ion concentration and its lime requirement as 
determined more particularly by the Veitch method. Blair and Prince (2) 
appear to be reasonably sure of a fairly close correlation in this regard from 
their determinations on soils of certain rotation plats of the New Jersey Experi- 
ment Station. Johnson (13), from a much more extended study of soil types, 
sees at the best nothing approaching close correlation. (d) To ascertain if 
well defined series and soil types have a characteristic hydrogen-ion concen- 
tration. Gillespie and Hurst (7, 8) show for two soil types in Maine fairly 
consistent data in support of that view, and correlate the greater hydrogen- 
ion concentration of one type, Caribou loam, with comparative freedom from 
scab of potatoes grown in it. Kelley (14), from field observations in Pennsy]- 
vania on native plant species, feels justified in assigning an average pH value 
to each of seven soil types studied. (e) To ascertain if procedures by the 
colorimetric method and by use of the hydrogen electrode are productive of 
reasonably close agreement in hydrogen-ion concentration values. Gillespie 
and Hurst (7, 8) offer perhaps the most conclusive evidence thus far that such 
is the case, provided the relative amounts of soil and water in the two proce- 
dures are the same. 


OBJECTIVES IN THIS WORK 


At the Oregon Experiment Station a great deal of research work of one 
kind or another centers quite definitely around soil series and types. One 
prominent activity on the part of the Experiment Station for several years has 
been cooperation with the Bureau of Soils, United States Department of Agri- 
culture, in soil surveys of the several counties which together make up the 
area known on the Pacific Coast as the Willamette Valley. The soils of the 
entire valley are acid in reaction. This fact is noteworthy because there are 
comparatively few extensive areas of acid soils in the Inter-Mountain and 
Pacific Northwest states. They occur mostly in the regions of high rainfall 
west of the Cascade Range of Mountains. The valley has an extremely inter- 
esting geological history. 


HYDROGEN-ION CONCENTRATION AND LIME REQUIREMENT 67 


The mapping of soil types by field parties is followed closely by chemical 
analyses that establish very valuable sources of information for those who are 
conducting investigations in fertilizer requirements and for others engaged in 
farming operations. The completion of the survey for Benton County, home 
of the State Agricultural College and Central Experiment Station, suggested 
the following chemical work in addition to that usually undertaken in our study 
of soil types. Three considerations appeared to warrant the extra work 
involved: 

(a) If intensity of soil reaction in a large measure determines the cropping 
system one must follow, it is highly advantageous to know whether this or that 
series and type of soil, wherever encountered, exhibits as definite characteris- 
tics in the matter of reaction as from the standpoint of comparative richness in 
plant-food elements. 

(b) The growth of one or more kinds of legumes is as fundamental to per- 
manent productivity here as elsewhere. This series of determinations 
promised explanations of a fundamental nature for the correlation of soil series 
and types with field observations on their ability to promote the growth of 
this or that legume. 

(c) There would be established additional data by which to judge whether 
any definite relationship prevails between the intensity of a soil’s reaction and 
that soil’s lime requirement. It is believed that liming practice—not extensive 
as yet—can be established eventually on a better understanding of legume and 
other crop lime requirements. 


FIELD WORK 


The taking of samples required three days of travel during the early summer 
of 1923. The soil survey map was carried on the sampling trips to serve as a 
guide in the location of the several areas of any one type. It is avery “spotted” 
map; for the areas that together make up the total acreage of any one typein 
many instances are separated by intervening areas of other types varying in 
width from a few rods to several miles. Eleven of the most prominent series 
under cultivation are each represented by one or two types. Samples were 
taken of the surface soils only to a depth of approximately 8 inches. No area 
gone over is represented by less than two samples. In the laboratory the 
samples were air-dried, sifted through a coarse screen, and stored in Mason 
fruit jars for the analytical work. 


DETERMINATION OF HYDROGEN-ION CONCENTRATIONS 


Previous to sampling it was intended to make determinations of hydrogen- 
ion concentration by colorimetric procedure. Two weeks or more were spent 
in attempts to perfect a satisfactory procedure, with an experience and results 
almost identical with those related by Gimingham (9). The hydrogen elec- 
trode was then brought into use with results that were highly satisfactory. An 
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equipment similar to that described by Hildebrand (10) was employed. The 
“null” point was determined with a galvanometer and voltage with a millivolt- 
meter. Voltages were converted to corresponding pH values by use of the 
table published by Schmidt and Hoagland (17). 

For these determinations the soils were made to pass a 60-mesh sieve by 
rubbing with a wide rubber stopper. Occasionally some light rubbing in a 
mortar was a necessary preliminary. Five grams in duplicate were then placed 
with 10 cc. of water in small bottles and agitated for 30 minutes with a mechani- 
cal shaker. Thus treated in the late afternoon the samples were allowed to 
stand over night. The determination of hydrogen-ion concentration was 

‘completed the following day. 

In most instances equilibrium with the hydrogen ducneite was attained 
within one-half or three-quarters of an hour. Now and then as much as two 
hours were required to secure constant readings of voltage. In attaining 
equilibrium no one series or type exhibited any definite characteristic in the 
matter of time. It is quite probable that with better agitation of the soil 
suspension than could be secured with the hydrogen stream alone, greater 
uniformity in the matter of time would have been noted. The platinum elec- 
trodes were frequently recoated with platinum black, and check readings were 
frequently made on solutions of known pH values. 

The lime requirement was made by the Albert method as perfected by 
Bizzell and Lyon (1). It will be noticed that a number of determinations were 
also made by the Veitch method. Excepting the Newberg series, results by 
the two methods are in as close agreement as one might reasonably expect. 


GROUPING OF SERIES 


In the tabulation of analytical data the grouping of series adopted in soil 
survey work for the entire valley was followed. 

Olympic, Aiken, Melbourne and Carlton are residual soils. The first two 
are derived from basaltic rocks and are known locally as red hill lands. The 
last two are derived from sedimentary shales and sandstones. Melbourne 
is reddish brown in color. On it are located some of the most thrifty orchards 
of Benton County. Carlton is greyish-brown on a grey mottled subsoil indi- 
cative of poor drainage. 

Willamette, Dayton and Amity, with other series not represented here, 
make up a class called “Old Valley Filling Soils.” Dayton (whiteland) is 
always imperfectly drained, and Amity is frequently found in that condition. 

Newberg and Chehalis are first and second bottom lands respectively of 
more recently made soils. They are overflowed annually by the Willamette 
River, but quickly recover a well drained condition. Wapato is a low, poorly 
drained soil adjacent to creeks. Cove Clay is a poorly drained Adobe almost 
unworkable when it becomes the least bit dry. 
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TABLE 1 
Analytical data on hydrogen-ion concentration and lime requirement by series and types 
Results tabulated are averages of closely agreeing duplicate determinations 


| LIME REQUIREMENT 
| HYDROGEN- | CaO PER 2,000,000 
SERIES AND TYPE soe ‘a we lca 
een eames | Peet ee 
10 cc. H,0 | Albert | Veitch 
method | method 
oH pounds | pounds 
Residual soils: 
Olympic: Silty clay loam............0.e0eeeeee fj 4 5.63 2,038 
\| 2 5.22 | 2,654 | 2,600 
Ashes SW Clay NOG oo. ie ks cv vod eee cee vee astie's 1 6.15 2,374 
1 4.63 .| 3,304 | 3,600 
2 4.72 4,637 
3 5.48 2,744 
4 5.28 | 1,972 
5 S341 2,151 
DUD IOREIN, o vende cs soantoasirmhas vets 6 5.74 2,151 
7 4.94 4,614 
8 5.44 2,654 
9 5.08 2,442 
10 5.44 | 1,691 
Melbourne 11 5 61 1,904 | 1,600 
1 5.01 2,856 
2 S42 4,602 
NIN cc Sentteedeicbin eas 3 5.22 | 3,730 
4 5.35 3,192 
5 5.11 | 2,777 | 3,000 
6 5.31 2,509 
1 S00 2,285 
2 5.99 2,038 | 1,200 
GCaptom SEER odie cesd haw te CR RO 3 5.39 2,621 | 
4 5.41 3,304 
5 5.59 3,550 | 3,400 
Old Valley Filling—mixed material: | 
1 ° 4.78 | 3,707 | 3,600 
2 4.63 3,360 | 
3 5.53 | 1,915 | 
4 5.53 | 2,028 | 
PV ST GNGHE= AONAY TORU 6.5 60 5.6.4.6 020.6. 56)8 94.0 600 00:555% 5 5.65 2,576 
6 5.62 | 2,554 | 
7 5-15 2,755 | 
8 5.28 | 2,576 | 
9 5.73 | 2,442 | 2,200 
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TABLE 1—Continued 


LIME REQUIREMENT 
HYDROGEN- | CaO PER 2,000,009 
SERIES AND TYPE aueee ete denen 
. RUNAEE) Sear com) 
10 cc. H2O | Albert | Veitch 
method | method 
PH pounds | pounds. 
1 4.80 2,004 | 1,800 
2 4.80 2,401 
3 4.89 2,285 
Dayton: Silty clay loam.......... 0.0 eeee ee ee ee eg 4 4.81 2,789 
5 5.03 2,576 
6 5.30 2,553 
i 5.12 2,330 
1 5.88 2,565 
2 5.14 3,718 
3 5.47 2,213 
4 5.41 2,532 | 2,000 
Amity: Silty clay loam........... 5 5.56 3,517 
6 5.66 2,867 
7 Lee | 2,990 
8 5.28 2,688 
9 5.41 3,046 | 2,800 
10 5.44 2,284 
Recent soils— Alluvial: 
(| 1 6.10 | 1,904 
| 2 6.19 | 2,004 
3 6.09 2,027 | 1,800 
4 6.17 2,072 
YS es es er ee ee 5 6.20 1,745 | 1,400 
| 6 5.94 2,173 | 1,800 
7 6:08 1,781 
Chehalis \| 8 6.02 2,240 
fia 6.17 | 2,027 | 1,600 
2 6.14 1,546 
UEP AREY DORMS 50's 55554 sien ais dete os 3 6.15 2,060 
4 5.68 2,677 
5 5.73 2,722 | 2,800 
1 6.06 1,422 600 
2 6.57 2,386 
Po oe ener 3 6.15 2,240 200 
4 6.15 2,285 
> 5.76 2,621 
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TABLE 1—Continued 


LIME REQUIREMENT 
HypROGEN- | CaO PER 2,000,000 
SOIL ION CONCEN- POUNDS OF SOIL 
SERIES AND TYPE NUMBER B pomp l 
10 cc. H,O Albert, Veitch, 
me me 

2H pounds | pounds 
1 6.93 3,002 
y 6.91 2,284 
.o 3 6.15 1,770 

MOE? | SHUG CUNY LORIN S 5:65.0:5: 5.5.00 <5 e's veel 4 5 88 2,350 | 1,200 
3 6.10 2,458 
6 7.40 1,624 

1 4.53 4,838 | 4,440 

2 4.92 5,320 | 4,200 
3 4.67 5,958 
a 5.05 4,222 
Wapato? Sitty.clay Oa. i. 35.60.55. +050 seis v.es 0s + | 8 4.63 7,000 
6 5.01 2,867 
7 5.20 3,908 
8 4.62 4,368 
(ie. 4.63 3,618 
1 5.56 3,864 

2 5.65 3,450 | 3,000 
PIR es faie setae. seas dee sis inve ms Selects Dae Satan 3 5.52 3,058 
4 5.48 2,755 


COMMENTS ON TABULATED DATA 


Hydrogen-ion concentration 


From a study of analytical data in table 1, it is apparent that in series and 
types there are marked differences in hydrogen-ion concentration. From a 
number of types samples can be picked whose active acidity is approximately 
ten times that of other samples representative of the same type. With most 
types, however, it is also apparent that if one or two samples, representing 
perhaps for the type extremes in active acidity, were to be discarded, there 
would appear a remarkable uniformity in hydrogen-ion concentration for 
the remaining samples. Illustrative of this fact is the Dayton Silty Clay Loam 
and the Willamette Clay Loam. Chehalis Clay Loam stands out prominently 
in its uniformity of hydrogen-ion concentration. 

When the data are condensed as in table 2 a grouping of all series and types 
from the standpoint of hydrogen-ion concentration is possible under one of 
three classes. Dayton and Wapato are unquestionably the most intensely 
acid; Chehalis, Newberg and Aiken are least so; all others stand between 
the extremes but as a rule much closer to the more intensely acid ones. The 
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grouping here is not identical with that which is based on the geological mode 
of formation. In this connection note should be taken of the fact that two 
series in the group whose types here show least active acidity, wherever found, 
are rich in calcium. Their percentage ranges from 2 to 3, whereas the calcium 
content of all other series represented here is more frequently found to be well 
under 1 per cent than even slightly over. In the light of these analytical data 
it seems fair to state that these series and types are as definitely characterized 
by their hydrogen-ion concentration as by any other one chemical property. 


TABLE 2 
Summarized analytical data plus percentages indicative of calcium content from other analyse, 
| = LIME REQUIREMENT 
wownea)  SO*eENTTION [CA] SOs pao 
SERIES AND TYPE OF 
SOILS . s * . —_ 
nl a] ae fe oe oe | a 
pH pH pH pounds | pounds | pounds 

Dayton: Silty clay loam........ 7 | 4.80 | 5.33 | 4.98 | 0.33 | 2,789) 2,004] 2,494 
Wapato: Silty clay loam........| 9 | 4.53 | 5.20 | 4.81 | 0.89 | 7,000) 2,867] 4,677 
Willamette: Clay loam.........| 9 | 4.63 | 5.73 | 5.32 | 0.85 | 3,707} 1,915) 2,657 
Amity: Silty clay loam.........} 10 | 5.14 | 5.88 | 5.45 | 0.90 | 3,718) 2,213} 2,842 
Carlton: Silt loam..............| 5 | 5.39 | 5.99 | 5.45 | 0.65 | 3,550} 25038) 2,760 
Melbourne: 

Silt loam....... TPT rere 11 | 4.63 | 5.74 | 5.28 | 0.62 | 4,637} 1,691} 2,751 

Clay AOOM::..4.60c5032005<.00) WO 15208 15:35, ] $.19 | 0.32 | 4,602):2;509) 3,277 
Olympic: Silty clay loam.......{ 2 | 5.22 | 5.63 | 5.43 | 0.69 | 2,654) 2,038) 2,346 
COURT IR wiceacccscccessasscy @ 7 S81 55 1 5555 3,864] 2,755) 3,282 
Atken: Silty clay loam.........| 1 6.15 | 0.36 2,374 
Chehalis: 

Clay loam...................] 8 | 5.94] 6.20 | 6.10 | 2.09 | 2,240) 1,745) 1,993 

Silty clay loam..............| 5 | 5.68 | 6.17 | 5.97 | 2.49 | 2,722) 1,546) 2,206 
Newberg: 

| RARE ERR EL, 5 | 5.76 | 6.57 | 6.14 | 2.92 | 2,621) 1,422) 2,191 

Silty clay loam.............. 6 | 5.88 | 7.40 | 6.56 | 2.67 | 3,002 1,624, 2,291 


Correlation with field observations 


The second consideration in this work is the possible correlation of field 
observations on the relative ease with which various legumes, climatically 
adapted to the Pacific Northwest, can be grown on these series, with data that 
are representative of their hydrogen-ion concentration or intensity of reaction. 

Soil survey parties whose observations are the most extensive, rule out 
alfalfa production as a practicable possibility on all series represented here 
excepting Newberg and Chehalis. Red clover gets no recommendation for 
Dayton and Wapato series. Very frequently it does not grow thriftily on the 
types intermediate between those of greatest and those of least intensity of 
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acidity. This fact is taken to be indicative of an intensity of acidity in those 
types that is almost the limit of tolerance for red clover. Common and Hun- 
garian vetches thrive on any of the series with the possible exception of very 
poorly drained areas of Dayton and Wapato. No series appears to be too 
intensely acid for alsike clover. These correlations with field observations 
are necessarily crude. It will be noticed at once, however, that in so far as 
alfalfa, red clover and alsike clover are concerned they check deductions drawn 
from results of solution and pot culture tests on the part of other investigators. 
The interesting and important agronomic fact is the outstanding ability of the 
vetches to thrive under conditions of acidity that are discouraging, if not 
forbidding, to alfalfa and red clover. 


Lime requirement 


From the assembled data in table 1, it is apparent that these soil series do 
not lend themselves to any grouping that would be illustrative of a fundamen- 
tal connection between hydrogen-ion concentration and lime requirement. 
It may be said that those series which show the least intensity of acidity, 
Newberg and Chehalis, have a relatively low lime requirement. On the other 
hand, one only, of the two most intensely acid series, has a correspondingly 
high lime requirement. Melbourne Silt Loam is the only type within which 
lime requirement rises or falls in rough agreement with the increase or decrease 
in hydrogen-ion concentration. On the whole, this work answers in the nega- 
tive the query as to correlation between the intensity of a soil’s reaction and its 
lime requirement. 
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